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NOTICES

When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation, the
United States Government thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related hereto.

Qualified requesters may obtain copies of this report from the Armed Services Tech-
nical Information Agency, (ASTIA), Arlington Hall Station, Arlington 12, Virginia.

This report has been released to the Office of Technical Services, U. S. Department
of Commerce, Washington 25, D. C., for sale to the general public.

Copies of ASD Technical Reports and Technical Notes should not be returned to the
Aeronautical Systems Division unless return is required by security considerations, con-
tractual obligations, or notice on a specific document.
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FORE~VORD
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Comirand, is to be cowarended for invaluable assistance and guidance in the
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tive. The second volume on application gives results in handbook form for
ready reference.
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W. D. Moore and C. R. Clifton.

For their assistance in the program, acknowledgement is due to personnel
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Structures Test Laboratory, and Technical Publications sections who par-
ticipated in the research work throughout the program.

The Fort Worth Division of Convair performed all the experimental work
for the Androform process.
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ABSTRACT

The "cut-and-try" method of determining sheet metal formability
has long been the standard practice in the aircraft industry. This
two-volume report presents methods of determining formability analyt-
ically for the twelve most common processes of forming sheet metal. This
method is based on utilization of a material's mechanical properties to
predict formability.

The first volume on development gives the procedure used to arrive
at the objective of predicting formability. First, basic limit equations
are developed relating geometry of the parts to the material properties.
These equations are used to detenrine the shape of the limit graphs and to
give indices relating formability to the material. Then, experimental
parts are formed to position the theoretically shaped curves with the aid
of the formability indices.

The second volume on application is presented in handbook form
giving design and manufacturing information for the nineteen materials
irn the program. These materials covered some of the most currently used
alloys in the following categories: (i) magnesium, (2) aluminum, (3)
titanium, (4) stainless steel, (5) tool steel, (6) nickel and cobalt base,
and (7) the refractory metals. Graphs, equations, and design tables are
presented for each process, statistically proven witth experimental work
comprising a total of approximately twenty-one-thousand formed parts.

PUBLICATION REVIEW

L.

This report has been reviewed and is approved.

FOR THE COW4ANDFR:

J. TERES
Technical Director y
Applications Laboratory
Directorate of Materials
and Processes
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LIST OF SYMBOTZ

Because of the large number of terms usea, the following list of

symbols is supplied for easy reference:

P- load on tensile specimen

0== original gage length

Or - final gage length

Ao= original cross-sectional area

Af final cross-sectional area

A1 = instantaneous cross-sectional area

E= Young's Modulus of elasticity *

Su-- tensile stress (/-o) at ultimate load

STY-= tensile stress ( A) at yield point

Scy compressive stress at yield point

= true stress (-A) ; subscripts L , w and t

represent the longitudinal, width and thiclmess

directions

Ve effective stress from Energy of Distortion Theory
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conventional strain (2 ! -: ) •

E •--- conventional strain for ý inch gage length
2.0

. = conventioral strain for .0. inch gage length.02

•= natural strain Ini); subscripts L, w and t

represent the longitudinal, width and thiclkess

directions

effective strain from Energy of Distortion Theory

[E ] --- = 0.5 inch gage length elongation corrected to a

condition of plane strain

•.ZI]CORRECTEO= 0.25 inch gage length elongation corrected to a

condition of plane strain

NOTE: Additional symbols are described throughout the

text for continuity.

* Designates the tensile modulus of elasticity when used

in conjunction with the tensile yield strength and the

compressive modulus of elasticity when used in conjunction

with the compressive yield strength.
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INTRODUCTION

This second volume is intended to serve as a handbook covering the

quantitative results generated in the program. These results are pre-

sented in a number of forms: (1) composite graphs representing the

formability limits of the materials covered in the program, (2) predict-

ability equations representing the formability limits for any material,

based on the properties of the material, and (3) design tables in ready

reference form for determining the formability limits of the materials

tested on the program.

Composite graphs and design tables are presented for approximately

nineteen materials for each of the twelve forming processes evaluated on

the program. Limits are given for specific shapes of parts for each of

the twelve forming processes. Some of the processes include only one part

geometry while others include many. It should be emphasized that, although

most of the important shapes of parts are included in the program, the

limits presented are restricted to these shapes.

The predictability equations are given for use in developing form-

ability limits for any material, based on the mechanical properties of the

material. It should be realized that these equations are only as good as

the properties used in them. This restricts the equation, when applied to

materials with a considerable spread in properties, to those sheets from

which the properties were taken.

Manuscript released by authors August 1961 for publication as an ASD
Technical Report.
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In general, optimum forming conditions were used with regard to

lubrication, pressure, and other operating variables. These, and the

other limitations and considerations associated with each forming process,

are discussed in each section. It is advised that each section should

be thoroughly read before application of the graphs, equations, and tables.
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SECTION I
BENDING

A. BRAKE FORMING
B. JOGGLING
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BRAKE FORMING

Description of Process

Brake forming is the bending of sheet metal by a press brake so that the

metal on the inside of the bend is compressed while the metal on the outside

of the bend is stretched. This process is invaluable to industry due to the

infinite variety of shapes that, with the proper dies, may be obtained.

Although a Verson 60 ton Press Brake with a three %3) inch ram stroke and

workpiece specimens measuring two by three (2 x 3) inches were used for this

program, the resultant data is applicable to any standard press brake and for

any size material.

By referring to Figure IA-i the set-up for a brake forming operation is

an,.arent.

RAM

PUNCH

MATERIAL ___ __ __R

,__.., $ STROKE

OF RAMt
DIE

TYPICAL BRAKE FORMING SETUP
FIG. I A-i
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During the forming process the ram forces the punch and workpiece into the

die cavity. In all air bends the workpiece is supported only at its

outer edges so that the length of stroke of the ram determines the part

angle ( a ). The metal is so bent that the inside radius of the work-piece

is the same as the punch radius. Other means such as hand working and

stress relief dies are used when necessary to finish the part.

Ram pressure must be sufficient as an increase in either sheet thickness

or tensile strength of the workpiece requires an increase in pressure for a

successful bend. The adjustment of the ram stroke alters the part angle

while the speed of the ram (number of strokes per minute) to certain

materials such as molybdenum is critical. Molybdenum should be formed at as

slow a rate as possible due to the strain rate effect on this material.

The die channel width (S) is determined by the material thickness (t)

and the punch radius (R), (See Figure L-2), from which the equation

S . 2.488 R + 2 t is derived. This die channel width (S) is not the

optimum opening for each specific material, but rather is a median of two

commonly accepted die opening values.

16Ez
S=3R, +21 t,

x " S 2.488R, + 2 t
.. Z 12

- U -•

z P- - -/

/•/• " S=2.1R, +2t

0
1 2 3 4 5

P UN'CH RADiUtS R1
SHEET THICKNESS

GRAPHICAL DIE OPENING VALUES
FIG. ! A--2
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Definition of Part Shape

and Geometric Variables

The geometric variables for brake forming are the punch radius (R),

the material thickness (t), and the part angle ( CI). By varying these

parameters good parts and failures can be obtained. The failure of a

bent part occurs when the tension in the outer fibers of the part becomes

too great; i.e., when the bend becomes too sharp (small radius to material

thickness for a given part angle). (See Figure IA-3).

, R i = 
R? -f

FAILURE / T T
SMALL R/t LARGER R/t

EFFECT OF VARYING R/t VALUES
FIG. I A-3

Therefore, a relationship exists between the tension in the outer fibers

and the R/t value of a workpiece. As the R/t value increases the tension

decreases and up to a point, as the part angle increases,the R/t value

must also be increased to prevent the tension from becoming too great. and

resulting in failure of the part. (See Figure IA-4).
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DECREASE - R/t INCREASE

a =600 a=9 0  aI=1200 (

EFFECT OF PART ANGLE ON R/t VALUE
FIG. I A-4

If, after being formed the metal retains some of its original

elasticity, springback may be present. In case this does occur it will

be necessary to lengthen the stroke of the ram and thus "overbend" the

workpiece to compensate for this condition.

The direction of rolling of the metal has an appreciable effect

on the ease of forming. (See Figure TA-5). If the workpiece is bent

perpendicular to the direction of ro'ling (longitudinal) it can, with

few exceptions be bent with a smaller R/t value than if bent parallel

to the direction of rolling (transverse).
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TRANSVERSE LONGITUDINAL

FAILURE

DIRECTION OF ROLLING DIRECTION OF ROLLING

EFFECT OF DIRECTION OF ROLL ON BENDING

FIG. I A-5

Predictability Equations

The basic equation to correlate natural strain to brake forming

parameters:

i q I]+ t/R Equation I

The formability index used for this process:

IE =E.2orrected)
The equation to find the value of R/t where aC> P.

R/t2(ORR._ Equation II

The equation to find the value of R/t where a < P

R/t- =/2 [R/t >4j[I+ SIN (0-900)] Equation III
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The equation to find q5 , that part angle where the curve reaches a

maximum:

I = 11.4 - R/t,- .- Equation IV
.084F5 Ia•

The equation to find the part angle - (C,):

E Equation V

The basic equation to find any R/t value when E.25(corr) is known and

a0<:
Equation VII *4(E(z5coR f-I 90i !

R/t= 1/2 ea .25(CORR.) _ [i + SIN ( 15.21'C1 ° I--11.4-- Z(OR.

Where:

R Punch radius or inside bend radius

t vMaterial thickness

e Natural logarithmic base

a = Part angle

That part angle where the curve reaches a maximum

(Any further bending will not increase the strain.)

0 :Any selected angle from 00 to 1800.

To find the value for j.25(corr) a tension test must be made on a specimen

gridded with one-quarter inch squares. After the specimen is pulled one grid

at the point of failure is measured to determine the change in length (AL)

and the change in width (AW). The measurements are taken as shown in

Figure IA-6.
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BEFORE
FRACTURE.2AFE

0 .5-AW.25 0

.25 +L

TYPICAL GRIDDED TENSION SPECIMEN
FIG. I A--6

The calculations to find the corrected value of the natural strain are

as follows:

(A).W= (iw)25= In El + W).25]

Thus the equation for finding E.25(corr) is:

=.25(corr) (ZL)25 - W).25 2 Equation VII

I (• ,).25
By pulling a tension test specimen and weasuring the strain, any R/t

value can be found by using either Equation II or VI for any selected part

angle. This data can then be used to construct a graph showing the splitting

limits for any part angle for a particular material.

ASD TR 61-191(11) 1-7



PROBLEM: Find the R/t value splitting limits for all part angles

of a material and plot on graph.

GIVEN: i.25(CORR) =0.4 (From tension specimen)

Step I. - Solve for R/t where a1 > 4.

Equation II

R/t mx. e 2 '2-5(C°RR -1

1
2x .4

e -I
1

e.8

e -I

2 2.225-1

R/t max. 0 .815

Step II. - Solve for 4 :

11.4 - R/t Max. Equation IVS: .o845

11.4 - 0.815
.0895

Step III. - Solve for R/t where C1<4).

When a U 300 Equation VI

B/t- 1/2 [2t"25C°RR)-1 ] - SIN ( 15.21 a - 900
I11.4 - 2E.2SCCORR) )-1

1/2[e 2 x.4- [I + SIN( 15.21 x 30 9f
11.4 - (-92x.4_ ))-8

ASD TR 61-i9(iU) I-



S1/2 [.815] 1E + StIN 41.6 - 901

= 1/2 [.8151[E1 - .748]

R/t OL-01025

Step IV. R, Step III for several values of a less than

Step V. Construct a graph with R/t values on the ordinate and

part angle a on the abscissa.

Step VI. Plot the calculated values of R/t* on the graph and connect

with a smooth curve. (See Figure IA-7).I
EQUATION 406 ,f Q- EQUATION*,

•75 --
GOOD PARTS

Rt .sSPLITTING//

.25

0 30 60 90 120 150 180

a < • PART ANGLE -- 1 a > a

SPLITTING LIMIT CURVE FOR BRAKE FORMING
FIG. I A-7

*The R/t value when a = p is a maximum so the slope

of the curve becomes zero.

With this graph it is possible to select an R/t value for any angle -

( a ). Then by knowing the material thickness - (t) the correct punch

radius can be selected.
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Composite Graphs

For a composite graph of brake forming limits for those materials

investigated in this program, see Graph IA-1.

It might prove possible in some instances to extend the splitting

limits for a given material by better lubrication of the die, reducing the

surface roughness of the material and the die, reducing the strain rate as

in the case of Molybdenum and All Beta Titanium, or by applying heat.

Those materials whose splitting limits were extended by the application of

heat appear in Graph IA-2. The correlation between 9 and the

maximum R/t values for the materials in this program appear as Graph IA-3.

In order to correlate Molybdenum it was necessary to reduce the strain

rate effect on the material to that of the tension tests. This resulted in

a lower R/t value than would be obtained by operating the brake press at

normal speeds. This reduced strain rate effect is recomnended in forming

this material.

The Columbium (10-10) material used in this program varied greatly in

its properties from sheet to sheet. The material as received from the mill

was both hot and cold rolled. Lamination proved a problem that resulted in

poor and varied R/t values. Correlation could be achieved only by taking

tension and brake forming specimens from the same sheet stock. Thus the

correlation and splitting limits of this material did not agree from sheet

to sheet. Therefore, rather than publish misleading data from obviously

erratic results Columbium (10-10) is deleted from all graphs and design

tables of Section IA, Brake Forming.
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Three materials failed to correlate properly. Of these 2024-0 Aluminum

deviated from the theoretical curve due to the dig in effect of the punch.

This caused a reduction of the tension in the outer fibers of this soft

material. The two hexagonal close packed materials, 6-4 Titaniuu and

HiXA-T8, also deviated from the correlation curve. This was expected

as hexagonal close packed materials cannot achieve a maximum slip plane in

a bending operation as body centered cubic and face centered cubic materials

do. Therefore, it is expected that any hexagonal close packed material will

fall on some other theoretical curve with a possible position such as that

shown in Graph IA-3.

It was discovered that the elongation of a material increases as its

thickness (t) increases. Thns it proved necessary to recommend a particular

gage for each type of alloy in order to correlate properly. In any theoretical

attempt at predicting the brake forming splitting limits of an alloy the gages

recommended in Fig. IA-8 should be used.

ASD T[ 61-191(II)
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FIGURE IA-8
RECOMMENDED TENSILE SPECIMEN

GAGES FOR BRAKE FORMING CORRELATION

Recommended Materials on

Structure Material Type Tensile Specimen this Program
Gage

B.C.C. Titanium .010 All Beta
Refractories .020 Molybdenum (.5%Ti)

.02o Columbium (10-10)

F.C.C. Nickel Base .020 Inconel X
.020 Rene'41
.020 Hastelloy X

Cobalt Base .032 J-1570
.032 L-605

Steels o040 A-286
.O40 PH 15-7 Mo
.o40 17-7 PH
.040 AM-350
.040 USS 12 MoV

Vascojet 1000
Aluminum .063 2024-0

H .C .P. Titanium .071 6-4 Titanium
Magnesium HM21lXA-T8

ASD TR 61-191(11) 1-12



GRAPH IA-1

COMPOSITE ROOM TEMPERATURE
6.4 SPLITTING LIMITS FOR BRAKE FORMING
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GRAPH I A -2
BRAKE FORMING SPLITTING LIMITS

AT ELEVATED TEMPERATURES
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GRAPH IA-3

SPLITTING CORRELATION CURVES FOR BRAKE FORMING
AT ROOM TEMPERATURE
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Design Tables

It should be noted that the punch radii recommended in these design

tables are conservative so it may, in certain instances, prove possible

to exceed these limits.

To use the design tables:

(1) Select the correct table for the material.

(2) Select a vertical column for the part angle - (a().

(3) Read down the vertical column until crossing a horizontal

column of the desired value of (t).

(I) Where the two columns intersect read the recommended punch

radius - (R).

To use the Elevated Temperature Tables, note that (I = 900 and has

been replaced as the vertical column by a temperature in *F.

Due to the erratic behavior of Columbium (10-10) this material is

deleted from the design table section as well as those materials whose

splitting limits increased at elevated temperatures.
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TABLE IA-i
MINIMUM BEND RADIUS LIMITS
HM21XA-T8 MAGNESIUM THORIUM
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a=60O a=90 0  Cf 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .093 .016 .093 .016 .093

.020 .109 .020 .125 .020 .125

.025 .14o .025 156 .025 .156

.032 .187 .032 .187 .032 .187

.040 .28 .040 .234 .040 .234

.050 .281 .050 .312 .050 .312

.063 "343 .063 -375 .063 -375

•071 .406 .071 .406 .071 .406

.080 .1437 .080 .468 .o8o .468

.O90 •.500 .O90 ' • .562 .090 .562

.I00 .562 .lOG .625 .lOG .625

.125 .687 -125 .750 .125 .750

.187 1.125 .187 1.125 .187 1.125
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TABLE IA-2
MINIMUM BEND RADIUS LIMITS

2024 -0 ALUMINUM
LONGITUDI NAL AND TRANSVERSE

GRAIN DIRECTION

a= 600  a x9go a= 12o0

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Padius (R)

.016 .015 .x16 .015 .o16 .015

.020 .01o .020 .015 .020 .01i

.025 .015 .025 .015 .025 .o1b

.032 .015 .032 .015 .032 .01

.0400 15 .40 .015 .040 .Ci

.OlO .015 °050 .015 .050 .050

.063 .015 .063 .01o .063

•071 .015 .071 .015 .o071 )

.o8o .015 .Oo .031 .o8o .I____

.090 .015 .090 .031 .090 .,

.iG) .015 .100 -031 .i00 ._ __

-125 .015 .•25 .031 .25

.187 .031 .i87 .O46 .187
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TABLE IA-3
MINIMUM BEND RADIUS LIMITS

17-7 PH (COmDITION "A", MILL ANNEALED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

60°

a= 6o a2900 ga 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .015 .o16 .015 •o16 .015

.020 .015 .020 .015 .020 .031

S025 .015 .025 .031 .025 .031

.032 .015 .032 .031 .032 .031

.040 .015 .4o •031 4o o046

.050 •.31 .050 o046 .050 .046

.063 .031 .063 .0o46 .o63 .062

.071 .031 .071 .062 .071 .062

.080 .031 .080 o062 •o8o •078

090 o046 .090 .062 .090 .078

.100 .046 .100 .o78 .100 .093

.125 .046 .125 -093 .125.109

.187 .078 .187 .125 •187 .156
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TABLE IA-4
MINIMUM BEND RADIUS LIMITS

PH 15-7 Mc (CONDITION "A", MILL ANNEALED)
LONGITUDINAL ANII rRANSVERSE

GRAIN DIRECTION

a- 6o° a 2 900 a: 1200

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .015 .o16 0.15 .o16 .015

.020 .015 .020 .015 .020 .031

.025 .015 .025 .031 .025 .031

.032 .015 .032 .031 .032 .031

.040 .031 .040 .031 .040 .046

.050 .031 .050 .o46 .050 .046

.o63 .031 .o63 .o46 .o63 .o62

.071 .031 .071 .62 .71 .o62

8o .046 .080 .062 .o8o .078

.090 .046 .090 .078 .090 .078

.100 .046 .100 .078 .100 .093

.125 .o62 .125 .093 .125 .19

.187 .078 .187 .140 .187 .171
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TABKE IA -5
MINIMUM BEND RADIUS LIMITS

AM-350 (ANNEALED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a= 6&o a -0g a: 12o0

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .015 .o16 .015 .ol6 .015

.020 .015 .020 .015 .020 .031

.025 .015 .025 .031 .025 .031

.032 .015 .032 .031 .032 .031

.040 .015 .040 .031 .040 .046

.050 .031 .05o .o46 050 .o46

.o63 .031 .o63 .o46 .o63 .o62

.071 .031 .071 .o62 .o0i .o62

.o8o .031 .o8o .o62 .o8o .078

.090 .046 .090 .o62 .09 .078

.100 o.46 .100 .078 .100 .093

•125 .046 .125 .093 .12 .109

.187 .078 .187 .125 .187 .156
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TABLE IA-6
MINIMUM BEND RADIUS LIMITS

A-286 (SOLUTION TREATED CONDITION)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a= 6o0  a g0  a 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.X16 .015 .016 .015 •o16 .015

.020 .015 .020 .015 .o20 .015

.025 .015 .025 .015 .025 .031

.032 .015 .032 .031 .032 .031

.O4O .015 o040 .031 .040 .031

.050 .015 ,050 .031 .o5o °o46

.o63 .031 .o63 ,o46 .o63 o46

.071 .031 .071 .o46 .071 .046

.080 •031 .080 o046 .08o .o62

.090 .031 .090 o.62 .09 .o62

.100 .031 .100 .o62 .100 .078

.125 .046 .1o .078 .12 .093

o187 .o62 .187 .109 .87 .25

ASI TR 61-191(11) 1-22



TABLE IA-7
MINIMUM BEND RADIUS LIMITS

USS-12-Mo V (ANNEALED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a- 600 0- 90 0 : 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.oi6 .ol' .o16 .0 1 .016 .031

.020 .015 .020 .031 .02o .031

.025.o015 .025 .031 .025 .031

.032 .031 .032 .046 .032 .046

.040 .031 .o4o .o46 .o4o .o62

.050 .031 050 .062 .050 .062

.063 .046 .063 .v78 .063 ._.__8

071 .046 .071 .078 .071 .093

.080 .046 .080 .093 .080 .1o9

.090 .062 .090 .109 .090 .109

.100 .062 .100 .109 .100 .125

.125 .078 .125 .140 .125 .156

.187 .109 .187 .203 .187 .234
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TABLE IA-8
MINIMUM BEND RADIUS LIMITS

TITANIUM (6A1-4V) (MILL ANNEALED)
LONGITUDINAL AND TRANSVERSE

GPAIN DIRECTION

C- 600 a. 90o a= 1200

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .093 .o16 .jo9 •ol6 "109

.020 .125 .020 .125 .020 .125

.02.5 156 .025 .156 .025 .156

.032 .187 .032 .187 .032 .187

.o4o .234 .040 .234 .o4o .234

.050 .312 .050 .312 .050 .312

.063 -375 .063 •375 .o63 .375

.071 .406 o71 .437 .o71 .437

.080 .468 .o8o .468 .o8o .468

.090 •562 .090 •562 .090 .562

.100 .625 .100 .625 .100 .625

•125 .750 .125 .750 .125 .750

.187 1.125 .187 1-.25 .187 1.125
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TABLE IA-9
MINIMUM BND RADIUS LIMITS

TITANIUM (13V-IICr-3AI) (SOLUTION TREATED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a. 60o a a90 a: 120

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .031 .o16 .o46 .o16 .046

.020 .031 .020 .046 .020 .062

.025 .031 .025 .062 .025 .062

.032 .o46 .032 .078 .032 .078

.040 .062 .040 .093 .o4o .109

.050 .062 .05 .125 .050 .125

.063 .078 .o6 .140 o63 .156

.071 .093 .071 .171 .071 .171

.080 .093 .080 .187 .080 .203

.090 .109 .090 .203 .09o .218

.1oo .125 .lOO .234 ._oo .250

.2.156 .125 .281 .125 .312

.187 .218 .187 .437 .187 .468
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TABLE IA-IO
MINIMUM BEND RADIUS LIMITS

VASCOJET 1000 (H-1-) (ANNEALED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a: 600  a 900  at 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.0o6 .015 .o16 .031 .016 .031

.020 .01 5 .020 .031 .020 .031

.025 .03i .025 .031 .025 .046

.032 .01 .032 .046 .032 .046

.040 .o-1 .04o .046 .04o .,)62

.050 .046 .050 .062 .050 .078

.063 .046 .063 .078 .063 .093

.071 .0u:- .071 .093 .o71_.__

.080 .,.? .080 jog3 .080
.oo •? .2 .10o9 .o ~ .12

.100 .078 .100 .125 .100 .140

•_125 .o93 1.25 .14o0 .171

.187 .i2__,_ _1 .187 .218 .i87 .2r,
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TABLE IA-11
MINIMUM BEND RADIUS LIMITS
RENE'41 (soLUToN TREATED)

LONGITUDINAL GRAIN DIRECTION

(1 60 om9 wI:120

Gage (t) Radius (R) Gage (t) Radius (Rt) Gage (t) Radius (R)

.o16 .015 .o16 .015 .o16 .015

.020 .015 .020 .015 .020 .031

.025 .015 .025 .031 .025 .031

.032 .015 .032 .031 .032 .031

.040 .015 o0o .0 .0 40 .046

.050 .031 .050 .046 .00 .046

.063 .031 .063 .o46 .063 .o62

.071 .031 .071 .062 .071 .o62

.080 .031 .080 .o62 .o8o .078

.090.o46 .090 o62 .o90 .078

.100 .046 .100 .078 .100 .093

.125 .046 .125 .093 .125 .109

.187 .078 .187 .125 .187 .156
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iCABU: IA-12
MiNMMHi4 UEND RADIUS LIMITS
REWNE r1 (SCLU'lrCN TREATED)
•i ANSVERSI GRAIN DIRECTION

a= 60 0 a 90° 0l120

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .015 .16 o.031 .ol6 .031

.020 .031 .020 .031 .020 .046

.025 .031 .025 .046 .025 .o06

.032 .031 .032 .046 .032 .062

.o4o .046 .o4o .o62 .o4o .u78

.050 .o46 .050 .078 .050 .093

.063 .o62 .063 .093 .063 •_1o9

.071 o62 .071 .109 .071 .125

.080 .078 .080 .125 .080 .14
.o78 .14o .±jr

.100 .093 .i00 .156 .100

•125 .og9 .125 .187 .1 .218

S.187 .171 .187 .281 .187 .312
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TABLE IA-115
MINIMUM BEND HADIUS LIMITS
INCONEL X (Ci.. ANNEAUL.D)
LONGITLOlNAL AND TRANSVEPRSE

GRAIN DIRECTION

a=60° cE 90°0 a-120

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .01> .0o6 .015 .o16 .015

.020 .0o1 .020 .015 .020 .015

.025 .015 .025 .015 .025 .015

.032 .015 .032 .o31 .032 .031

.040 .01> .040 .031 .04o .031

.050 .015 .050 .031 .050 .031

.o63 .031 .o63 .o46 -063 .046

•071i .031 .071 .046 .071 .046

.08o .031 .080 .046 .080 .062

•09o .031 .90 .o46 .9o .o62

.100 .0 31 .ioo .062 .100 .o62

.125 .oc6 .125 .078 .125 .078

.187 .062 .187 .. 9, •187 .125

ASM T 61-1171(11) 
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TABLE IA-14
MINIMUM BEND RADIUS LIMITS

HASTELLOY X (SOLUTION TREATED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

a=6006o° 12 ,90 0  a- 12o0

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .015 .016 .015 .016 .031

.020 .015 .020 .031 .020 .031

.02ý .015 .025 .031 .025 .031

.032 .031 .032 .031 .032 .o46

.040 .031 .o4o .o46 .o4o .046

.050 .031 .050 .0o46 .050 .o62

.063 .031 .o63 .o62 .o63 .078

.071 .o46 .071 .062 .071 .078

.080 .o46 .080 .078 .o8o .093

•.090 .046 .090 .078 -9o .093

.100 .062 .100 .093 .o00 .109

.125 .o62 -15 .jo9 .125 .'25

.187 .093 .187 .156 .187 .187

1-30
ASD TR 61-191(11)



TABLE IA-15
MINIMUM BEND RADIUS LIMITS

L-605 (SOLUTIru TREATED)
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

an 600 -Q90o0  0 120o

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.m16 .015 .o06 .015 .o06 .031

.020 .015 .020 .031 .020 .031

.025 .015 .025 .031 .025 .031

.032 .031 .032 .031 .032 .046

.040 .031 .040 .046 o0o .046

.050 .031 .050 .o46 .050.o62

.063 .031 .063 .062 .063 .078

.271 .046 .o71 .o62 .071 .078

.08o .o46 .080 .o78 .080 .093

.090 .46 .090 .078 .090 .093

.100 .062 .IO _ .093 .100 .j09

•_12_5 .062 .12_5 .109 .125 .125

•_187 .093 .187 .156 .187 .187
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TABLE IA-16
MINIMUM BEND RADIUS LIMITS
J-1570 (SOLUTION TREATED)

LONGITUDINAL uRAIN DIRECTION

0"
C= 60 (1 x90 a: 1200

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .015 .o16 .015 .o16 .015

.020 .015 .020 .015 .020 .015

.025 .015 .025 .015 .025 .031

.032 .015 .032 .031 .032 .031

.o4o .015 .o4o .031 .o4o .031

.050 .015 .050 .031 .050 .o46

.063 .031 .o63 .046 .o63 .046

.071 .031 .071 .046 .071 .062

.080 .031 .080 .046 .o8o .o62

.090 .031 .090 .o62 .090 .062

.100 .031 .ioo .o62 .100 .078

•125 .046 .0125 o78 .325 .093

.187 .o46 ..187 .109 .187 .125
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TABLE 1A- 17
MINIMUM BEND RADIUS LIMITS
J-1570 (SOLUTION TREATED)
TRANSVERSE GRAIN DIRFCTION

l -600 0 - 90 Cl z 120°

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .015 1.06 .ol6 .016 .01,

.020 .015 .020 .015 .020 .431

.025 .01o .025 .031 .025 .)31

•032 32 .031 .032 .0

.040 .015 .040 .031 04o .046

.050 .o1 .056 .. 46

.063 .031 o063 .046 .063 .o62

.071 ...1 .71 .6? ..067

.080 .031 .o8o .062 .o8o .078

.090 •oh6 .090 .062 .090' .078

.100 .C4O6 .100 .078 .-100 .o93

.125 .125 .125 .. I ?0

.187 .13 .187 .127 .187 "iL6

A9D T. 61-191(Ii) 1-33



TABI-.: !A-18
MINIMUM BENI) RADIUS LIMITS

MLY[DENI.M ( T. 4'i)
( HOT ROL J):, STh:SS •ELBF, Vi., DE-SCALED SHiET)

LONGI TUFDI NAL GRAIN DI RECTION

a= 60* . g9Oo a= 120*

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.0o6 .015 .016 .031 .0o6

.020 .015 .020 -.>51 .020 .,___

.025 .031 .025 •<31 .025 .,6

.032 .031 .032 .0o'6 .032 ._____

.o40 .031 .oh0 .o46 .o4o "__

.050 .o46 .050 .062 .O50 .50__8

.o63 .046 .063 .078 .063

71.062 .07193 .071

.080 .062 .080 .•.C, .o

.090 .062 .090 ".99 090 "

.100 .078 .100 .12[ .100

S15 .093 .. 12

.187 .125 .187 .218 .187
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TABLE IA-19
MINIMUM BEND RADIUS LIMITS

MOLYBDENUM (.5% Ti)
(HOT ROLLE, STRESS RELIEVED, DE-SCALED SHEET)

TRANSVERSE GRAIN DIRECTION

a= 60° ct go C 120°0

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.x16 .031 .016 .031 .016 .046

.020 .031 .020 .046 .O2O .046

.02• .031 .025 .062 .025 .062

.032 .046 .032 .078 .032 .078

.040 .o46 .04o .093 .o4o -093

•050 .o62 .050 .109 .o0 .jo9

.o63 .078 .o63 .125 .o63 .14o

.071 .o78 .071 .156 .07 .156

.080 .093 .080 .171 .080 .187

•o9o .109 .090 .187 .o90 .203

.100 .109 .100 .203 .1oo .2,18

.125 .14o .1 .250 .1 .281

.187 .203 .187 .375 .187 .437
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TABLE IA-20
MINIMUM BEND RADIUS LIMITS

AT ELEVATED TEMPERATURES
lM21XA-T8 (MAGNESIUM THORIUM)

LONGITUDINAL AND TRANSVERSE
GRAIN DIRECTION

_ a. 90°0

Temp. = 200OF Temp. 400 OF Temp. 60O*F

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .078 .o16 .046 .o16 .015

.020 .109 .020 .062 .020 .015

.025 •125 .025 .078 .025 .015

.032 .156 .0.2 .093 .032 .015

.o0o .187 .040 j1o9 .040 .015

.050 .234 .050 .140 .050 .015

.063 .312 .063 .171 .063 .015

.071 .343 .071 .203 .071 .015

.080 .375 .080 .218 .080 .015

.09o .437 .090 .250 .090 .015

.100 .468 .10OO .281 .lOO .015

.125 .625 .125 •343 .125 .031

.187 1.000 .187 .562 .187 .031
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TABLE IA-21
MINIMUM BEND RADIUS LIMITS

AT ELEVATED TEMPERATURES
BERYLLIUM (PURE) (CONDITION "C")*

LONGITUDINAL GRAIN DIRECTION

s go0o

Temp. = 1000*F Temp. = 1100*F Temp. 1200*F

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (H)

.016 .140 .x16 -093 .016 .078

.020 .156 .020 .109 .020 .093

.025 -201 .025 .14 .025

• 32 .281 .032 .187 .032 .140

.o4o .044 .o4o .218 .040 .187

.050 .406 .050 .281 .050 .218

.063 .5ou .063 .343 .063 .281

.071 .562 .071 .406 .071 .312

S.o8o .687 .080 .437 .080 .375
.09o .750 .090 .500 .090 .406

.ioo .812 .ioo .562 .100 .468
•125 1.000 .125 .687 .125 .562

.187 1.500 .187 1_1.000 1 187 .812

*Material as rolled and stress annealed for 10 minutes at 14000F.
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TABLE IA-22
MINIMUM BEND RADIUS LIMITS

AT ELEVATED TEMPERATURES
BERYLLIUM (PURE) (CONDITION "C")*

TRANSVERSE GRAIN DIRECTION

Ci 900

Temp. 1100 OF Temp. 1200OF Temp. 1400OF

Gage (W) Redius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.016 .140 .x16 .125 .016 .093

.020 .156 .020 .140 o20 .109

.025 .203 .025 .187 .025 .140

•032 .281 .032 .234 .032 .171

.040 .343 .040 .28i .040 •.218

.050 .4o6 .050 .343 .050 .281

x063 .500 .063 .437 .063 -343

.071 .502 .071 .500 .071 .375

.080 .687 .080 .562 .080 .437

.090 -750 .090 .625 .09o .468

.100 .812 .__O0 .750 .100 .562

.125 1.000 .125 .812 .125 .687

S.187 1.500 •187 1.375 .187 1.000

*Material as rolled and stress annealed ror Lv minutes at 14000F.
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TABLE IA-23
MINIMUM BEND RADIUS LIMITS

AT ELEVATED TEMPERATURES
TUNGSTEN (PURE) .020 GAGE

LONGITUDINAL AND TRANSVERSE
GRAIN DIRECTION

-90°

Temp. 300OF Temp. 550OF Temp. z 800OF

Gage (t) Radius (R) Gage (t) Radius (R) Gage (t) Radius (R)

.o16 .125 .ol6 .125 .o16 .125

.020 .156 .020 .156 .o2o .156

.025 .203 .025 .187 .025 .187

.032 .250 .032 .234 .032 .234

.oo .3312 .040 o312 o4o .281

.050 .4o6 .050 -375 .050 .375

.o63 .500 .063 .4,8 .063 .468

.071 .562 .071 • &' .071 .500

.080 .625 .080 .625 .080 .562

.09o .750 .o9o .687 .090 .687

•100 .812 .100 •.750 .1i00 .750
.125 1.000 .125 1.000 .125 1.000
.187 1.500 .187 1.375 .187 1.5 ,,
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TABLE IA-24
MINIMUM BEND RADIUS LIMITS

AT ELEVATED TEMPERATURES
TUNGSTEN (PLURE) .040 GAGE
LONGITUDINAL AND TRANSVERSE

GRAIN DIRECTION

as goo

Temp. 200OF Temp. 400 OF Temp. 600'F

Gage (t) Radius G Gage (t) Radius (H) Gage (t) Radius (R)

.o16 .031 .o16 .015 .016 .o___

.020 .031 .020 .015 .020 .015

.025 .031 .025 .015 .025 .015

.032 .046 .032 .031 .032 .031

.o4o .o46 .040 .031 .o4o .031

.050 .o62 .o050 031 .050 .031

.o63 .078 .o63 .046 .o63 .046

.071 ,078 .071 .046 .071 .o46

.080 .093 .o8o .o62 .o8o .046

.090 •093 .090 .062 .090 .046

•o109 jg.100 o.062 .000 o62

•125 .140 .125 .o78 .125 o062

. 187 .203 •187 .125 .187 .093
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JOGGLING

Description of the Process

The forming of joggles or offsets are common operations in the metal

working industry. There are several techniques or forming methods used in

the process of forming a Joggle; however, for the scope of this program a

Universal joggling machine made by Joggle Tool and Die, Incorporated, installed

on a knuckle-joint 100 ton Hamilton Mechanical Press was used. This type of

machine was selected for joggling analysis because it was adaptable to form-

ing a large number of parts.

With the help of the illustration shown in Figure IB-1, a better under-

standing of this particular mechanical process of joggling can be obtained.

The description of the mechanical process is as follows: Joggle

block (C) is adjusted to a certain distance to obtain the desired length

of travel (L). Shims are placed above (C) and below (B) to obtain the desired

joggle depth (D). (B) is spring loaded so that the block can recess downward

to a Qesired depth (D); while (A) along with a top clamping plate (not shown

in illustration) remains at a stationary position, thus holding the upper

step of the joggle specimen firmly. (E) is a side clamping vice-force

which holds the buckling area of the joggle part inward tightly.

The information obtained from the Universal joggling process Investiga-

tion can be used for other types or techniques of joggling. Some of the

other possibilities are: shim joggling, replaceable block type joggling,

and special type joggling.
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RAM FORCE

JOGGLE DEPTH
ADJUSTING SHIMS SPECIMEN

SSID E-CLA M PING

SPRING LOADED

SECTION X - X

FIGURE IB--1 SCHEMATIC OF JOGGLE DIES
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This program covered only the joggling of angle sections. However,

similar relationships can be applied to channel sections, hat sections,

and various other configurations of the joggling process.

It should be understood that when forming any type joggle, special care

should be taken to insure that proper tooling is used. That is, a good

joggle cannot be expected if a proper set-up is not used. Care should

be taken to insure proper material clearance, proper vice holding action,

proper flange radius and that properly matched dies are being used.

If a good machine set-up and good shop joggling procedures are used,

joggles with the recommended dimensions selected from the composite graphs

and design tables of this report will yield perfect joggles.

Definition of Part Shape
and Geometrical Variables

Formability of joggled parts is governed primarily by these geometrical

parameters: The depth of the joggle (D), the length of the Joggle (L),

the gage or thickness of material (t), D/L and D/t. These parameters are

shown in their proper location on the joggle specimen sketch shown in

Figure IB-2.

Two very critical radii are encountered in the joggling process.

First, the joggling block radius to which the joggle specimen was matched

to a 900 bend angle. This radius is called RI and is shown in Figure IB-2.

Second, the bend radius located on the leading edge of joggle block (A).
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This radius is also shown in Figure IB-2 and is called R2 . Radius R2

is set at a standard radius cf 0.032". It can be seen from the discussion

later in this section that R2 must be increased to form certain type of

materials that fail due to the minimum bend radius. Also, by increasing

the radius of R2, an increase in the splitting limits of all materials

occur progressively.

R1  radius was established at a value of R/t = 6. That is, R1 is

six times the thickness of the material to be formed. This is done to

eliminate failure of the joggle specimen due to the minimum bend radius

of the material in forming the 90* flange on the joggle specimen.

FIGURE IB--2 GEOMETRICAL PARAMETERS OF A JOGGLE.
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Predictability Equations

The equation for the Srlitting limit of any material based on its

mechanical properties is:

0~ 2 (1.4 4E0 2 + 2.4)]l Equation I~

The equation for the elastic buckling limit line is:I [.oo50625]l
f 1 [ 2 -] Equation II

The equation for -he elasto-plastic buckling limit line is:

tIj1I01181 i!J bquation III
The equation for the inflection line is as follows. This line is at

a slope of (+-) and crosses thp D/L axis at O.3.

E = 0.43• 1 Equation IV

The equation for finding the inutrsection of the elasto-plastic and

elastic buckling limit line at a point nn the inflection line is:

t Equation V

The buckling formability index line runs vertically upward from the

D/t intercept 2.25.

For the convenience of reference to the above mentioned equations, a

typical theoretical formability curve is shown in Figure IB-3.
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LOG BUCKLING FORMABILITY

EQUATION I INDEX LINE

(SPLITTING LIMIT)SI ~EQ UA•TION III

( ELASTO-PLASTI C

BUCKLING LINE)

EQUATION IVo_.. . j i (IN FLECTON, LI",NE)
D
L ,EQUATION V

0 (BUCKLING LINE INTERSECTION)

0.43 a . E x1073 •

L Scy
EQUATION II

I (ELASTIC BUCKLING LWnE)

I SLOPE,-

D 2.25 LOG

t

FIGURE IB-3 TYPICAL JOGGLING FORMABILITY CURVE.

The key to using the various equations is to know the following

material properties: E, Scy, C .02 and E/Scy X 10-3.

(E/Scy X i0- 3 ) - Where E/Scy X 1O-3 is the joggling formability

index. i103 is a constant of convenience used so

that E/Scy and D/L can be plotted at same scale

value.

Thus, if these material properties are known, the joggling formability

of any material can be determined.
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To demonstrate how to use the joggl-',ng predictability equations, the

following example problem is given:

PROBLEM: Find joggling limits of 2024-0 aluminum.

GIVEN: (E) compressive modulus of elasticity = 10.8 x i06

(Scy) compressive yield strength = 14,600

E .02) strain

SOLUTION: Step I. - Find the splitting limit using Equation I.

Substitute in E .02 and solve for D/L intercept.

D/L E[ .02 (1.44 E .0P + 2.39)]2 . 1.62

Draw in a horizontal splitt4.ng limit line from the D/L

intercept 1.62 . (See Figure IB-4).

LOG

1.62

D
L

Q LOG
t

FIGURE IB-4 SPLITTNG LIMIT LINE.
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Step II. - Use equation V to find the intersection point of the

elasto-plastic and elastic buckling limit line at a

point on the inflection line. Substitute in E/Scy

and solve for D/t.

D/t =[. 0118 E/Scy] 2/5 8

Step III.- Substitute in D/t value found in Step II anci solve

for D/L in Equation IV. (Inflection line equation).

D/L 0.43 F D/t .66_4.

Next, draw in the D/L value (from Step III) on the inflection line.

Through this point draw a (-2) slope and a vertical line upward to the

splitting limit line (found in Step I). (See Figure TB-')

LOG
SPLITTING LIMIT LINE

INFLECTION LINE

.664

D

0.43

SLOPE (-2)

D LOG

t

FIGURE IB-5 GRAPH CONSTRUCTION.
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Thus, a completely inclosed formability curve is constructed. All

points inclosed in the envelope will be good parts, while those lying out-

side the envelope will either fail due to buckling or splitting depending

on the region of the curve. A sketch of this typical formability envelope

curve is shown in Figure IB-6.

LOG jBUCKLING LINE

. !AND BUCKLING
w ~ ~.~ w'- -SPLITTING LINE

BUCKLINGDý/~ .............

GOOD PARTS

04 LOG

FIGURE IB-6 TYPICAL FORMABILITY ENVELOPE.

An alternate method Lhat can be used to solve for the joggling limits

is as follows:

Step I - Repeat Step I as was outlined in first methcd.

Step II - Locate E/Scy X lo-3* (.743) value on vertical formability

index line (D/t = 2.25 line). From this point draw a

(-2) slope from the inflection line through this point.

(See Figure IB-7).
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LOG INDEX LINE

t\ \4 :'
D

SLOPE (-2)

2.25 DLOG

T

FIGURE 113-7 GRAPH CONSTRUCTION.

Step iII Draw a vertical line from the intersection point of the

(-2) slope and the inflection line up to the splitting

limit line. (See Figure IB-8).

LOG
SPLITTING LIMIT

D

D LOG
t

FIGURE 113-8 GRAPH CONSTRUCTION.
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Composite Graphs

A composite graph showing the joggling formability limits of the 19

different materials used in this program is shown in Graph IB-1.

All materials are shown at room temperature except for HM21XA-TS,

Tungsten, (6AI-4V) Titanium, and Beryllium. These materials are shown at

recommended elevated tumperatures due to their high fracture tendency and

relaLive unforrrable characterisic,3 at room temnerature. (6AI-41V) Titanium

was not shown at. eievaTed tc.emperature due Lo the unavailability of tensile

Snt'ur-,atiu-n at ciovateci temperatur:e.

The composite theoret-Acal formability curves for joggling were

established at a point where there should be relatively no hanawtrking

necessary, that is, no buckling or splitting failures occurring. It shculdi

be understood however, that the E/Scy was taken at a minimum value. Thus,

there is a maximum, average and mininmm value for E/Scy and this should be

taken into account when predicting the formability of any material. An

example of how these different E/Scy values will affect the buckling limit

curves is illustrated in Figure IB-9.
LOG MAX. (.E .02)

AVG. ( E .02)

MIN. E .02)

E

EMAX.

E AVG.

EMIN.

I POSSIBLE RANGE

LOG

FIGURE IB-9 VARIATION OF MATERIAL PROPERTIES.
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It can also be seen from Figure IB-9 that the same relationship will

occur for the splitting limit line. That is, E .02 also has a :aximum,

average and minimum value.

All splitting limits in the composite graphs are estaolished for a

standard 0.032" die radius (R2 ). (See discussion under geometrical

parameters.) If the splitting limits of any of the materials listed needed

to be raised, the (R2 ) radius can be increased. That is, as the (R2 )

radius is increased, the splitting limits of all materials will also

increase.

An example of this concept is shown in Figure IB-IO.

N

E.02

D
L

FIGURE IB-10 SPLITTING LIMIT LINE.

The curve shows that as the standard 0.032" radius is increased to

O.060", there is also an increase in the D/L splitting limit value.

Additional curves may be plotted showing an increase in the (R2 ) radius

along with a corresponding increase in the D/L splitting limit value.
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It can be seen that the composite graph is constructed on a logarithmic

basis. However, for the convenience of finding the depth of the joggle (D)

and the length of the joggle (L) for a certain material thickness (t)

directly, an alternate method of plotting is advised.

This is done by taking a certain material (2024-0 aluminum) from the

logarithmic composite graph (Graph IB-I) and replotting the information on

a Cartesian coordinate graph. (See Graph IB-2). Thus the values of D,

L and t can be read directly from this type of graph (Graph IB-2).
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GRAPH I B-1
COMPOSITE GRAPH FOR JOGGLING
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GRAPH I B-2
JOGGLING LIMITS FOR

2024-0 ALUMINUM
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Design Tables

The design tables give the recommended values for the depth of the

Joggle (D), length of the Joggle (L), and the thickness of the material (t).

Thus, by having a given (t) and a given (L), the recommended (D) value

can be read from the tables. Or, by having a given (D) and a given (t) the

recommended value of (L) can be read from the tables.
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SECTION !1

FLANGING

A. DIMPLING
B. RUBBER FORMING SHRINK AND

STRETCH FLANGES
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DINPLING

Description of Process

Dimpling is the forming of a depression around a fastener hole in

sheet metal by the application of pressure and heat on the material

between dies. Dimpling is done so that the conical head of a flush type

fastener can be installed. This has been necessary to reduce air drag

in modern supersonic aircraft where metal thickness will not permit

countersinking.

There are several types of dimpling machines, but for the scope of

this program a CP 450 EA Dimpling machine adapted for triple action ram

coin dimpling was used. A set of ram coin dimpling dies consists of

four parts; the punch (A), die (B), coining ram (C), and pressure pad

(D). With the help of Figures II A-i through II A-4 the mechanical process

of dimpling can be understood.

In Figure II A-1 the punch (A) and die (B) are shown in the normal

open position. The part to be dimpled has been placed over the pilot

on the punch. Note the position of the coining ram face (C) with respect

to the die face (B) and the pressure pad (D) is raised around the punch (A).

B

C

FIGURE II A-1 CROSS SECTION OF RAM COIN DIMPLING
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As the die descends, the die and coining ram makes contact with the

part as seen below. If dimpling is at elevated temperatures, the die

remains in this position for the specified time so that the hot die and

coining ram can heat the material immediately surrounding the hole. In

order to prevent the metal in the core from stretching and cracking, the

ram is forced by pressure against the bottom edge of the cone as the

dimple is being formed. This acts as a dam, keeping the depth of the metal

imiform throughout the forming operation.

FIGURE II A-Z CROSS SECTION OF RAM COIN DIMPLING

Downward movement of the die assembly will cause the part to contact

the pressure pad creating a firm griping action between the die and pad

face around the dimple, thus preventing outward flow of material as the

dimple is coined as in Figure II A-3.
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jji

FIGURE II A-3 CROSS SECTION OF RAM COIN DIMPLING

The coining ram controls hole stretch and balances internal strains,

eliminating radial and internal shear cracks. The dimple is fully formed in

Figure No. II A-4. The confining action of the pad face, die face, and

coining ram has forced material into exact configuration with the tool

geometry.

FIGURE 11 A-4 CROSS SECTION OF RAM COIN DIMPLING

There are four primary forces at work during the forming of a dimple,

which tend to make it crack. The first is stretching at the hole in brittle

material and in thin gages where there is insufficient material to acco~m-

modate the stretch. This causes radial cracks which start at the edge

ASTRi 61-191(11) 111-3



of the dimple and grow outward. Secondly, the bending over the die

cavity sets up tensile stresses in the upper portion of the dimple

causing circumferential cracks running around the dimple. The third

force is heavy shear loads below the top of the dimple which cause

internal circumferential shear cracks. Both types of circumferential

failLres can be prevented by the proper application of sufficient

temperature and pressure. The fourth type of failure is compressive

hole cra-ks caused by excessive coining ram pressure. This type failure

is removed by lowering the coining ram pressu,'r:.

Some of the machine variableb encountered in dimpling are: dimpling

pressure, coining pressure, pad pressure, slow form pressure, pad height,

post height, die temperature, pad temperature, and the dwell time.

By properly varying of machine parameters it is possible to find the

optimum setting where a material will dimple best. This optimum setting

is where formability tests should be run.

Definition of Part Shape and Geometric Variables

The formability of dimpling is governed by the following geometric

variables: radius of the hole R , length of dimple flang• h , angle of
h

the dimple a, the material gag. t , And the ratio of -L . The parameters

are shown in their proper location in the figure below.

ASD TR 61-191(ii) II-
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"7R

FIGURE II A-5

CROSS SECTION OF DIMPLE SHOWING
GEOMETRIC PARAMETERS

Predictability Equations

The predictability equation for dimpling Is:

h ( .0.444) (E20,1° 5
R 1-Co253aEquation IR I -Cos. 0l

To construct the formsbility curve for dimpling using the

predictability equation the following procedure is used. As an

example the formability curve for 2D24-T3 aluminum will be constructed'.

To construct this curve it is necessary to obtain the Ep .0 value for the

material in question. This property for 2024-T3 at room temperature is

17.9%. Using the equation, solve for h using an angle4a of 40o. This
R

h
value of W is 1.228. Locate and plot this point in the figure below.

1.228 - -

h I
R

0 I
30 40 50

BEND ANGLE a
FIGURE II A-6 FORMABILITY GRAPH CONSTRUCTION
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Solve the predictability equation for other angles a and construct

the predictability cun,,, a- oh-n*n below.

2
PLIT PARTS

GOOD PARTS

0
300 400 500

BEND ANGLE -a C
FIGURE II A-7 FORMABILITY CURVE FOR 2024-T3 ALUMINUM

Composite Graphs

The formability curve representing the forming limits for all

materiais evaluated under this contract is shown in the composite form

In Grauh Ii A-i.
Although current design standards are developed around the bend angle

of 400 and an approximate ratio of flange width to hole radius h/R, of 1.2,

future work might require dimpling for other bend angles.

Better formability is shown to increase as the curves move up and to

the right. Some materials, such as HM21XA-T8 , are shown to decrease with

temperature, while others, such as molybdenum and columbium (10-10), increase

with temperature.
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COMPOSITE CURVE FOR DIMPLING

GRAPH 11 A-1

.±'ithH±H±H1 I ±H+Elý ]

+f + HHHHHH;
I I I I T

T HM21XA - T8 (7500F)
L - 605 (Solution Treated)
Hastelloy X(Solution Treated)

T Inconel X (Age Hardened 1300*F)
J - 1570 (Age Hardened 1400*F)'T

X_ A - 286 (Age Hardened 1325*F)
X

2024-T3 (Non-clad)

Rene' 41 (Age Hardened 1400*F)
Beryllium (Pure) (Condition "C") (1200*F)

---- --- Titanium (6 Al. - 4 V) (Mill Annealed)
--- ---- X Columbium (10 Mo - 10TO
---- ---- AM - 350 (Age Hardened 850*F)

2 Molybdenum (0.5rlr Ti)
(Hot Rolled, Stress Relieved)

-- -- - --- -- - --

- -- - -- -- - - -- -- - --- -- - --

R ------------- -------a MT

-P41 1W M: ---
Ll

----- --- J XT T T

T ..........

x _X

IHR-

TFFF

VColumbium (10 Mo-10Ti) (5000
7-7 PH (TH 1050*F)

.... WWPH 15-7 Mo (TH 1050*F)
H HH ! .......

Vascojet 1000 (Hardened)
itanium (13 V - 11 Cr - W

.. ....... ......... (Age Hardened 900*F)
IT-9 USS-12-Mo V (Age Hardened 800-F)

Beryllium(Pure) (Condition "C")
....... Tungsten (Pure) (IOOOOF)

Molybdenum (0.51/r Ti) 8000F)
0 X

300 400 Soo

BEND ANGLE a
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Design Tables

Because current design standards are based on the dimple bend angle

of hO0 and an approximate h/R ratio of 1.2, a single simple design table

can be made for the materials on this contract. This table is shown on

the following page as table II A-i.

The table indicates whether the material can be formed to the standard

dimple at room temperature. Also shown .on the table are the experimental

results giving the temperature of the test and whether the standard dimple

can be formed at the test temperature. The last column indicates the

recommended elevated temperature for fabrication of standard dimples

based on published elevated temperature properties.
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RUB•ER FORMING
SHRINK AND STRETCH FLANGES

Description of Process

The process of rubber forming is one of the most common and widely used

processes for producing flanged parts of both straight and contoured sections.

The use of this process is desirable because tooling is usually simple and

most rubber presses have the capacity to form several parts at one time.

The rubber press used to form parts in this contract was a 5,000 ton

Lake Erie Hydropress with approximately 1925 PSI rubber pressure capacity.

The forming pad of this rubber press is 114" x 48" x 9". A sketch of the

rubber press is shown in Figure II B-1.

The process of forming rubber shrink and stretch flanges is relatively

simple with few steps involved. The sheet metal blanks are prepared by

profile trimming, blanking dies, or by sawing. The use of the saw is

usually limited to cases where only a few parts are needed. The prepared

blank is placed on a forming tool and is secured on the tool by alignment

pins and a cover plate as shown in Figure II B-1. The rubber press is

lowered to the part and the part is formed by the rubber pressure acting

on the flange.

The major failures that occur in rubber stretch flanges are elastic

buckling and splitting. A third limiting factor which is considered in

the formability limits is a minimum flange. A minimum flange is encountered

when the pressure of the rubber press is insufficient to form the flange

to the form block.
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HYDRAULIC
CYLINDER

RAM

BLANK RUBB4UBER

FORM PAD

BLOCK

ALIGNMENT

PIN _ _ _ _ _ _

COVER PLATE

BEFORE FORMING DURING FORMING

THE GUERIN RUBBER PROCESS

1925 PSI LAKE ERIE RUBBER PRESS
FIGURE Ii B-1
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There are other distortions common to stretch flanges but are considered

minor since their severity can be minimized or eliminated by subsequent

forming operation. These minor failures include springback, crown in the

web, shear buckling, and hump.

The major failures that occur in rubber shrink flanges are elastic

buckling and plastic buckling. Minimum flange is also encountered in shrink

flanges and is considered a limiting forming factor. The minor failures for

shrink flanges are the same as previously listed for stretch flanges.

Definition of Part Shape

and Geometric Variables

Rubber stretch flanges may be either along concavely contoured portions

or on holes whereas shrink flanges are along convexly contoured portions.

The geometric variables, as shown in Figure II B-2, are flange height (h),

material thickness (t), part radius (R), web width (w), and segment angle 0.

AW

R R R

RUBBER SHRINK FLANGE RUBBER STRETCH FLANGE

FIGURE II B--2 RUBBER SHRINK AND STRETCH PARTS
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The geometric variables that have the greatest influence on the

formability limits are flange height, material thickness, and part radius.

These three variables are the only ones considered in this contract;

however, it has been proved in work done prior to this contract that the

buckling and splitting limits will increase with a decrease in segment

angle. The extent of increase has not been determined and was not investi-

gated in this contract.

Predictability Equations

The predictability equations for rubber stretch flanges are as follows:

The equation for the splitting limits:

h ~ .4 21 In ( 13.5 E, 0  Equation I

The equation for the inflection line:

h= 0.09(Jh )0 5  Equation II

The equation for the elastic buckling line:
h = 0.09 E 1 l

RSt 1 1( h)2 Equation III

The equation for the pressure limit index line:

R 102 h Equation IV

The equation for the lower portion of the pressure limit line:

h _ 6.99 X 106 [A1!.17.0 Equation VR SY )4. tt
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The equation for the pressure limit inflection line:

R = " 19( Equation VI

The equation for the upper portion of the pressure limit line:

S 2.2 x 0.1 (s,)].] [_.L_]°. Equation VII

The predictability equations for rubber shrink flanges are as follova:

The equation for the plastic buckling line:

[T = e . Equation VIII

The equation for the elastic buckling line:

SCY ( r #J 2~ Equation IX

The equations for the pressure limits for shrink flanges are identical

to the pressure limit equations for stretch flanges except that Scy is

substituted for Sty.

The formability equations ior rubber stretch and shrink flanges differ

slightly but the procedure for constructing formability curves from these

equations is basically the same. Due to this similarity, only the use of

the rubber stretch equations will be demonstrated.

To demonstrate the use of the basic formability equations a complete

formability curve will be constructed for 17-7 PH steel.
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The basic material properties that are needed for the construction of

the curve are E/Sty, E 2.0' and 1/8.

Step I: Using Equation I, h/R . 4.21 ln(13.5 F 2 . 0 ), substitute

the actual value of E 2.0 in the equation and solve for h/R. The

value of E 2.0 for 17-7 PH is .32. The calculated value for 17-7 PH

is h/R a .62. Locate h/R = .62 on log-log graph paper and construct

a horizontal line from this point as shown in the following sketch.

LOG

.62 .. SPLITTING LIMIT

h
R

.001
1 10 LOG

FIGURE II B-3 GRAPH CONSTRUCTION
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Step II: Using Equation II, h/R x .0079 h/t, construct the

inflection line. Locate the point, .0079, on the h/R axis and

draw a line with a slope of 1/2 from this point as shown in the

following sketch.

LOG

hi INFLECTION LI NE

.0017

1 h LOG

FIGURE II B-4 GRAPH CONSTRUCTION

Step III: Using Equation III, construct the elastic buckling

limit.

Substitute the actual value of E/Sty and arbitrarily select a

practical value of h/t. Solve for h/R. A value of h/t = 50 will

be used.
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Plot the point h/R . .0234 on the h/t = 50 line and construct a - 2

slope through this point. Extend the line from the h/t axis to the

inflection line. Construct a vertical line to the splitting limit

line from the point of intersection of the (- 2) slope and the inflec-

tion line. See the following sketch.

LOG
SPLITTING LIMIT

INFLECTION LINE

ELASTIC BUCKLING LIMIT
SLOPE (-2)

.001 __

t50 LOGhAt

FIGURE II B-5 GRAPH CONSTRUCTION

Step IV: Using Equation IV, h/R = 102 (h/t) .36, construct the

minimum, flange (insufficient pressure) index line. Select a practical

value of h/t and solve for h/R. Through this point construct a line

with a slope of - 4.36. This line is not part of the formability

curve but it is necessary for the construction of the pressure limit

lines.
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Step V: Using Equation V, h/R = .19 (h/t)"' 2 3 5 , construct the

pressure limit inflection line. From the point, h/R = .19 and

h/t z 1, construct a line with a - .235 slope as shown in the

following sketch.

I .19 INFLECTION LINE

SLOPE "-.235)

PRESSURE INDEX LINE
SLOPE (-4.36)

.0011
1 h14

FIGURE II B-6 GRAPH CONSTRUCTION

Step VI: To construct the pressure limit lines obtain the value of

,l/S X 103 for the material in question. For 17-7 PH this value is

.025. Extend a horizontal line from this point on the h/R axis to

the pressure index line. From the intersection of this horizontal

line and the pressure index line construct a line with a slope of 17.

Extend this line to the pressure limit inflection line. From the inter-

section of this line and the inflection line construct a line with a

slope of 1.17 and extend it to the splitting limit line. See the

following sketch.
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LOG

SPLITTING LIMIT
/----SLOPE ( 1.17

PRESSURE LIMIT INFLECTION LINE

hV
/R.o25 iI

\.- PRESSURE LIMIT INDEX LINE

SLOPE (17)

.001 1 LOG

h7 ,
FIGURE !1 B-7 GRAPH CONSTRUCTION

The intersection of the pressure limit lines at the inflection line,

as shown in the above sketch, is a sharp break. Actually, this

transition is a gradual curve as shown by the dotted line in the

sketch. There is no equation for this portion of the line but the

line can be fayed-in by referring to the composite graph presented

in the report.
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The completion of the foregoing steps will give a complete formability

curve for rubber stretch flanges. A complete curve showing areas of

good and failed parts is shown in the following sketch.

LOG

SPLIT PARTS

BUCKLED PARTS

SGOOD PARTS

LOG

h/,

FIGURE II B-8 TYPICAL FORMABILITY CURVE

Composite Graphs

The formability curves representing the forming limits of materials

evaluated in this contract are shown in composite form in Graphs II B-I

and II B-2. The composite for rubber stretch flanges is shown in

Graph II B-i and the composite for rubber shrink flanges is shown in

Graph II B-2.
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All graphs have been presented on a logarithmic basis but a method

for plotting design information on Cartesian paper is possible. This type

graph will enable the planner or designer to read design limits directly

from the graph with no additional calculations necessary. To construct

this type graph it is necessary to have previously determined the design

limits for the material in question. A plot of maximum possible flange

height versus minimum possible contour radius is made for all practIcal

material gages. The design limits for all gages can be plotted on one

graph. An example of this type graph using the forming limits of 2024-0

aluminum is shown in Graph II B-3.

The buckling limit lines for rubber stretch flanges represent the point

of incipient buckling and should not be considered as the maximum design

limits but should be considered as limits where handwork or secondary

forming processes will be required. The forming of rubber stretch flanges

in this program was done without the aid of overlays, wipers, trars, or

other methods of increasing the formability limits. It is possible that the

buckling limits can be exceeded where the dimensional tolerances of the

part design are such that incipient or slight buckling is of little or no

consequence.

There are ways of increasing the splitting and buckling limits of

rubber stretch flanges; however, additional tooling is usually required.

Splitting limits can be increased in some cases by applying a lubricat-

ing film to the surface of the material being formed. This is true
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because the lubricant allows the material to elongate or draw more by

reducing friction between the material and the rubber of the rubber press.

The buckling limits can be extended, in some cases, by trapping or drawing

devices. This is accomplished by allowing excess material to bottom out

at the base of the forming tool.

The buckling limit lines for rubber shrink flanges, as shown in

composite Graph II B-2, are based on buckles that are approximately

.07" in depth in the plastic buckling region and .035" in depth in the

elastic buckling region. It is necessary to extend the design limits for

shrink flanges due to the very low limits of Initial and incipient buckling.

The buckling limits are extendes tj include practical flange heights keeping

within the practical areas of handwork. The extension of the buckling limit

lines for shrink flanges is demonstrated in the following schematic. Area

A includes parts where buckle depth 0 0. Area B1  includes parts with

buckle depths ranging from 0" to .07" and area B2 includes parts with buckle

depths ranging from 0" to .035".

LOG
z

PLASTIC BUCKLING REGION
S~Ix
ABSOLUTE LIMITS 0

z
h

EXTENDED LIMITS D

A Bz U

.001 w LOG

h/,
FIGURE i1 B-9 ABSOLUTE AND EXTENDED RUBBER SHRINK

FORMABILITY LIMITS
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The formability limits for rubber stretch flanges are based on

the minimum physical properties of each material. The physical properties

of any material will vary from sheet to sheet and for this reason, it is

important to consider the possible formability range for any material.

An example is shown in the following sketch.

LOG

MAXIMUM FORMABILITY PROPERTIES

AVERAGE FORMABILITY PROPERTIES

MINIMUM FORMABILITY PROPERTIES

POSSIBLE FORMING RANGE

WLOG

FIGURE II B-I10 POSSIBLE RANGE IN FORMABILITY CURVES
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GRAPH 11 B-1

COMPOSITE GRAPH FOR RUBBER STRETCH FLANGES
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GRAPH 11 B-2

COMPOSITE GRAPH FOR RUBBER SHRINKFLANGES
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GRAPH 11 B-3
ALTERNATE METHOD OF PLOTTING

RUBBER STRETCH FORMABILITY LIMITS
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Design Tables

The design tables for rubber stretch flanges are shown in Tables II B-1

through II B-17 and the design tables for rubber shrink flanges are shown

in Tables II B-18 through II B-34.

The design tables are so constructed tha.. the maximum and minimum

flange height and minimum contour radius can be read directly for any

practical material gage. Design limits for all materials evaluated in

this contract, with the exception of tungsten and beryllium, are shown in

the design tables. Beryllium and tungsten were excluded due to their very

brittle nature at the maximum possible forming temperatures of the rubber

press.

The open spaces that appear in the design tables for rubber stretch

flanges are vacant because the combination of geometric part variables makes

forming impossible due to insufficient pressure.

Buckling and splitting failures are separated by a heavy line on the

design tables. Design limits listed above and to the right of the heavy

line are maximum due to splitting. Limits below and to the left of the line

are maximum due to buckling.

The open spaces that appear in the design tables for rubber shrink

flanges represent areas that are outside the forming area due to buckling

or insufficient pressure.
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SECTION III

LINEAR CONTOURING OF SECTIONS
A. LINEAR STRETCH FORMING

B. LINEAR ROLL FORMING
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LINEAR STRETCH FOMING

Description of Process

Linear stretch forming is a process whereby a brake formed or extruded

part is changed from a linear configuration to a contoured configuration by

utilizing a special stretch press machine having a fixed die holder and

retractable traveling stretch jaws.

The process of linear stretch forming an acceptable part consists of

changing a linear configuration to a contoured configuration without

destroying the integrity of the original cross section. Theoretically,

this is achieved by employing an optimm initial tension which will place

the neutral axis at the inner fiber of the part when forming is completed.

See Figure III A-1 for illustration.

--N.A.

F F

STRETCH BEFORE WRAPPING STRETCH AND WRAP

N.A.

CENTROID BENDING TENSION RESULTANT

FIGURE III A-1

LINEAR STRETCH FORM PROCESS
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Definition of Part Shape

and Geometric Variables

The formability limits presented herein are valid for the Sheet metal

configuration illustrated in Figures III A-2 through Figure III A-6.

Symbol designations for these configurations are listed below:

t material thickness

D web or flange width

h- section height of part

R inside part radius

Rd outside part radius

Rc contour radius (the R or Rd to be fastened to

another part)

AhJ R +

- R = R
FIGUREII A--2 I'd C

HEEL-OUT ANGLE A-A

A t< t-

FIGURE III A-3 C +

HEEL-OUT CHANNEL A-A
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h R Rc-÷

FIGURE III A--4 I-Rd +

HEEL-IN ANGLE
A-A

A 
D

FIGUREE Ii1 AA--5 i R +

HEEL-IN CHANNEL d

A-A

tDiSA T ' DT

FIGURE III A--6 •-'

HEEL-IN HAT SECTION R = R-+
d c
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Three distinct classes of formability limits are generated by the

five types of configurations. They are heel-out angles and channels,

heel-in angles and channels, and heel-in hat sections.

Predictability Equations

The following predictability equations define the formability limits

for the three geometric classes:

Class 1: Heel-out angles and channels

(Elastic buckling equation)

&_ r0.425 1Equation IRS ty L (h / t)_21JEqaio

(Inflection line equation)

ff a .0 117 FtEquation II

(±ýIasto-plastic buckling equation)

IJ~ . [ 38.2 Sty 15l Equation III

(Splitting equation)

R1 =0.836[E2.0 + 0.045 ][1og (0-0025 ht.) Equation IV
I. R

AST) TR 6i-191(TI) I Mr-4



Class 2: Heel-in angles and channels

(Elastic buckling equation)

[ 0h/0)2] Equation V

(Splitting equation)

R 1~.02 V .0+ o.osssi-jlig (0-00Mh~)] Eqution VI

Qua. 3: Re=li-in hat sections

(Elastic buckling equation)

-R Sty tEquation VII

(Splitting equation)

[ 4 = -0. 583 IE2.0 -. OOW4] [log (0-002 5 JtL)1I Equation VIII

The geometric variables h, R and t are defined in the part geometry

section and the mechanical property variables are defined in the list of

symbols. E and Sty were taken from standard longitudinal tension tests.

When solving the various equations for h/R values, substitute arbitrarily

chosen h/t values as required.

Formability limits as defined by the predictability equations are

for materials having minimum mechanical property values because the curves

from which the equations were developed were constructed to a minimum

value criterion.

ASD TR 61-191(11) 111-5



See Figures III A-7 and III A-8 for schematics of equation application.

F-QUATION IV

EQUATION III

S .I 1%0. -- EQUATION 11

U) EQUATION I

0

4

LOG SCALE
h

FIGURE III A-7

EQUATION APPLICATION FOR CLASS I
FORMALITY LIMIT CURVES

EQUATION VI ORVIII

h>< (AS APPLICABLE)

4
LOG SCALE ~

FIGURE lit A--8
EQUATION APPLICATION FOR CLASS 2

AND CLASS 3 FORMABILITY LIMIT CURVES

•SD TR 61.-191(I) II_-6
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Composite Graphs

The composite graphs for the three formability classes (See

Graphs III A-1 through III A-3) were constructed from the appropriate

formability equations as illustrated in Figures III A-7 and III A-8.

When using the appropriate equation for Class 1 and Class 3 form-

ability limit curves it is necessary to convert Rc to R.

It may be of interest to note that the geometric variables determine

the configuration of the curves and that the mechanical property variables

position the curves.

These curves may be used to determine if a specific part will form

satisfactorily by plotting an h/R, h/t point on the appropriate formability

graph. If the point falls within the forxsability envelope as illustrated

in Figure III A-9, the part can be formed satisfactorily. If the point

falls outside the formability envelope as shown in Figure III A-10, the

part will be defective.

h -/ -

0

LOG SCALE - LOG SCALE - -

FIGURE III A-9 FIGURE III A-10

SATISFACTORY FORMABILITY UNSATISFACTORY FORMABILITY
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Formability limit curves may also be constructed on Cartesian graph

paper in such a manner that section height (h) and contour radius (Rc)

can be read directly from the graph. The procedure is:

Arbitrarily pick a point on the log type formability curve as

illustrated in Figure III A-I1 and express this point in h/R and h/t

values.

Next, use a specific metal thickness (t), solve for (h) and (Re) and

plot the point on the Cartesian type graph as shown in Figure III A-12.

(Note that Rc = R for Class 2 configuration and Rc = R+ h for Class 1

and Class 3 configurations.)

Repeat the above procedure as required and draw a formability limit

curve through the points.

See Gra.-h III A-4 for a Cartesian type composite formability limit

curve for heel-in angles and chJannels nade fr:-r varinous thicknesses of

20224-0 aluminum. SPLITTING LIMIT

I •BUCKLING LIMIT

GOOD PARTS

U)

LOG SCALE
h

FIGURE III A-1I

LOG TYPE FORMABILITY
LIMIT CURVE
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SPLITTING LIMIT

I BUCKLING LIMIT

W

U /

W '-'GOOD PARTS;
z

LINEAR SCALE
Rc

FIGURE III A-12

CARTESIAN TYPE FORMABILITY
LIMIT CURVE

The absolute forming limits as preseLuted in the design tables are

practical unless the mechanical properties for a material are abnormally

poor because the formability curves, which define the absolute limits,

are based on minimum mechanical property values. (See Figure III A-13).

"POSITION FOR MINIMUM

"MECHANICAL PROPERTIES

POSITION FOR AVERAGE

h W MECHANICAL PROPERTIES

< VALUES.

U
Wf POSITION FOR MAXIMUM

MECHANICAL PROPERTIES•1 •L% • VALUES

LOG SCALE

h4
FIGURE III A-13

EFFECT OF MECHANICAL PROPERTY
VARIATION ON FORMABILITY
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In order to approach the absolute forming limits indicated by the

formability limit curves for Class 2 and Class 3 part geometries, it is

mandatory that the bend radii at the inner fiber be kept to a minimum

because large bend radii promote "springback" and column collapse as

illustrated in Figures III A-P4 and III A-15.

0 BEND RADII

tR BEND RADII I

FIGURE iiI A-14 FIGURE III A-15
SPRING BACK DUE TO COLUMN COLLAPSE DUE

LARGE BEND RADII TO LARGE BEND RADII

Notch sensiLi'.ity will also prevent a pa,'t froir. approaching the

absolute forming limit. It is imperative that the edges of parts located

at the outer fiber be properly deburred. In some instances deburring

will not remove the shear cracks and splitting will result. In cases

of this type the part blank should be sawed instead of sheared.

The absolute limits as defined by the design tables may be extended

somewhat by using the following procedure:

Lubrication: When a part is being wrapped it has a tendency to

stick to the die upon contact. Even though there are untrapped

dislocations (potential elongation) left in the part area which

is in contact with the die, this potential is not available

MAST TR 61-191(11) 111-10



because of friction between the die and the part. The use of

lubricants will reduce this friction and extend the formability

limit somewhat. When the limit curves were being established the

use of lubricants were discontinued because parts formed on large

radii dies having small segment angles were suggesting form-

ability limits which could not be maintained using the same die

radii with large segment angles.

Multiple Process: The absolute limit may be exceeded in the buckl-

ing area but the usual result will be a buckled part. It may be

possible to remove the buckle by hand working, shrinking, creep

forming at elevated temperature, heat treating and aging prior

to re-stretch and wrap, etc.

Splitting limits may also be exceeded slightly by wrapping at a

reduced stress; however, the part will require some type cf

rework.

Manipulation of Stress During Wrapping: As a part is being wrapped

the physical properties change somewhat due to work hardening. For

some materials, particularly those having a face centered lattice

structure, a gradual increase in stress as the part is being wrapped

will improve formability •

ASD TR 61-191(11) ITTI-11



Strain Rate: The rate of wrapping a part has considerable influence

on formability limits, particularly for materials having a body

centered or hexagonal lattice structure. Ductile to brittle transi-

tion ranges for refractory materials can be altered by rate of strain.

Formability limit curves will predict formability more accurately

when the pertinent physical property values for a material is

established at the same strain rate that will be used to form a

part.

Redistribution of Stresses: Redistribution of stresses will increase

formability limits slightly in the buckling area where relatively large

die radii are used. This is accomplished by unwrapping a buckled part

under stress with the stretch press, stressing the part still more

and rewrapping the part.

Elevated Temperature Forming: Elevated temperature forming may or may

not increase formability limits. Pertinent physical property values

taken from standard tensile tests made at elevated temperature can be

compared with ambient temperature. properties to determine if there is

a probability of increasing formability.

Even though elevated temperature tensile tests for a specific material

indicates the probability of extended formability, an increase in

necking at elevated temperature may prevent this extension.

The optimum forming temperature for a given material must be determined

before a valid elevated temperature formability limit curve can be

constructed.

ASD TR 61-191(11) 111-12



GRAPH III A-I

LINEAR STRETCH COMPOSITE GRAPH

HEEL-OUT ANGLES AND CHANNELS
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GRAPH III A-2

LINEAR STRETCH COMPOSITE GRAPH

HEEL-IN ANGLES AND CHANNELS
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GRAPH III A-3

LINEAR STRETCH COMPOSITE GRAPH

HEEL-IN HAT SECTIONS
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GRAPH III A-4

LINEAR STRETCH FORMABILITY LIMITS
HEEL-IN ANGLES AND CHANNELS
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Design Tables

The following design tables are presented as a guide for determining

design limits for heel-out angles and channels, heel-in angles and channels,

and heel-in hat sections.

These tables are constructed so that various contour radii oppose

various material thicknesses. The value at the intersection for a

specific contour radius and a specific material thickness denotes the

maximum section height that can be formed.

Section height calculations were discontinued after reaching the

first three inch value for a given contour radius and a given material

thickness in order to establish a functional limit.

The heavy line drawn through the section height limits indicates

whether a part having a specific Rc, t and h is approaching a splitting

or a buckling limit. Parts having a section height value above or to

the right of the heavy line are approaching the splitting limit.

Design tables for HM2lXA-T8 at ambient temperature were deleted

because brittleness caused excess scrap; however, the design table for

this material at elevated temperature is included.

Design values for the other materials which were formed at elevated

temperatures were deleted because extension of forming limits in the

buckling region were trivial and reduction of limits occurred in the

splitting region.

Estimated E/Sty values were used to establish the buckling limits for

the molybdenum and columbium alloys because the stretch press used to

AsD TR 61-191L(ii) 111-17



form these parts could not be operated to produce the same strain rate

at which the tensile specimens were pulled.

Beryllium and tungsten were deleted from the design tables because

special clamping methods must be developed to adapt linear stretch forming

to these materials.
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TABLES III A-1 THROUGH III A-17 LINEAR STRETCH FORMABILITY LIMITS

HEEL-OUT ANGLES AND CHANNELS

No (Rc)
CONTOUR
RADILUS

h
SECTION
HEIGHT

Ay- MATERIAL
THICKNESS

,j-F

HEEL-OUT ANGLE
FIGURE IIIA-16

__(Rc)

CONTOUR

h RADIUS

SECTION

HEIGHT

t

MATER IAL
I TH THICKNESS

-F
HEEL-OUT CHANNEL

FIGURE IIIA-17
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TABLES III A-18 THROUGH III A-34 LINEAR STRETCH FORMABILITY LIMITS

HEEL-IN ANGLES AND CHANNELS

h (Rc)
-- I--C01TOUR

SECTION RADIUS
HEIGHt

MATERIAL.
THICKNESS-3

HEEL- IN ANGLE
FIGURE IIIA-48

h , (Rc'
CONTOUR
RADIUS

SECTION

HEIGHT

MATERIAL

THICK NESS

FIGURE IIIA-19

HEEL- IN CHANNEL
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TABLES III A-35 THROUGH III A-51 LINEAR STRETCH FORMABILITY LIMITS

HEEL-IN HAT SECTIONS

__Rc +
CONTOUR

RAD I US

h
SECTION
'HEIGHT

MATERIAL
THICKNESS

FIGURE IIIA-20
HEEL-IN HAT SECTIONS
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LINEAR ROLL FORMING

Description of Process

The linear roll process is used to contour angle and channel parts

of both extruded and brake formed sheet metal sections. For the purpose

of this evaluation sheet metal channels were formed. When angle sections

are desired, a channel can be formed and split down the web thus providýng

two angle sections.

There are several types of linerr roll machines available but the

one used in this evaluation was a three roll Kane and Roach rolling

machine. This machine was chosen for use because very simple tooling can

be utilized to form channel sections. Tooling consists simply of circular

rolls machined to the desired dimensions. A schEmatic of roll tooling is

shown in the following sketch:

o
R

FIGURE III B--1 LINEAR ROLL TOOLING
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Due to the nature of the linear roll process, handwork is required on

practically all sheet metal parts formed by this process, especially if

close dimensional tolerances are required. In cases where close web

and flange tolerances are essential it is recommended that the parts be

formed by the linear stretch process.

There are many uncontrollable variables associated with the linear

roll process. Included in these variables are: Material property varia-

tions, lateral flange support, bending pressure to produce contouring,

work hardening and operator technique. The successful fabrication of a

quality part is dependent to a great extent upon the skill of the operator.

Not only does the operator have to have a feel for the particular material

he is forming, but he must also determine the amount of lateral flange

support to be used, as well as the amount of bending pressure to produce

contouring.

As a rule, only the heavier gage materials are formed by the linear

roll process; however, the lighter gages, .020 - .040, are often formed

but extreme care must be exercised by the operator to produce parts of

good quality. Parts formed by this process are formed in increments

and it may take several passes to reach the desired part radius. The

thinner gage materials have less section rigidity and as a result, have

a tendency to collapse when too much lateral flange support or bending

pressure is applied.
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A typical three roll heel-in machine set-up is shown in Figure III B-2.

The rolling tools C1 and C2 are machined to the dimensions dictated by

the configuration of the channel to be formed. The rolls are to be of

sufficient radius to accommodate the channel section height and their

width is governed by the width of the web of the channel. The rolling

tools are power driven and supply the motion to move the channel. A third

roll, A, is used to supply pressure to the web of the channel so that

contouring can be accomplished as the channel, D, is passed through the

rolls C1 and C2 . The lateral support blocks, B1 and B2 are fastened to

the shaft of the roll machine on each side of the roll tooling. Their

purpose is to eliminate flange spreading under the bending pressure

exerted by roll A. El and E2 are shims to provide spacing between the

lateral support blocks and the channel being formed. The shims are the

same gage as the channel being formed.

The primary failure encountered in the heel-in process is transverse

buckling; however, there are other flange and web distortions common to

the process. Among these distortions are web crowning, web widening,

and flange spreading. These distortions are considered minor except in

severe cases where it is obvious that their presence is brought about by

stresses that ordinarily cause buckling. The severity of web crowning

and flange spreading increases in materials having low values of E/Sty,

particularily in Titanium, Columbium, and Vascojet 1000. In these

materials avilng low values of E/Sty transverse buckling becomes less

nronounced but flange spreading and plate buckling become more pro-

nounced.
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WHEEL ADJUSTMENT

R

7l RDIE

X

al F\ Aý B 2 E2
"E •E

E1 21" MAX.

SECTION I"X - x T

LINEAR ROLL HEEL-IN MACHINE SET-UP

FIGURE III B-2

ASD TR 61-191(11) IZT-76



Another limitation of the linear roll heel-in process is a progressive

build-up of material in the bend radius area of the channel. See Figure

III B-3. This build-up is characteristic of the more ductile materials

such as aluminum. It does not necessarily affect the structural character-

istics of the part; however, due to this build-up the web of the channel

widens. As the web widens the original bend radius is reduced. This

occurrence increases in severity with a reduction in part radius and is

more characteristic of the heavier gages and should be considered when

selecting a forming process. If the structural application of the part

is such that a definite bend radius is required, it is recommended that

another flanging process be used. In most cases the alternate process

would be the linear stretch process.

BEFORE FORMING AFTER FORMING

FIGURE III B-3 HEEL-IN CHANNEL DISTORTION
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The limitations of the linear roll heel-out process are much the same

as previously described for the heel-in process; however, the quality of

parts produced by this process is usually superior to the quality of

heel-in parts.

The primary failure encountered in forming heel-out channels is

compression wrinkling or buckling of the flanges. There are other section

distortions such as crowning in the web, flange spreading and web buckling;

however, thesc secondary failures are considered minor.

The linear roll heel-out process is similar to the heel-in process.

It employs incremental type forming and the successful operation is highly

dependent upon the skill of the operator. As with heel-in forming, there

are many uncontrollable variables associated with this process which makes

duplication of results very difficult. The most important mechanical

variables that must be controlled by the operator are the amount of lateral

support for the flanges and the amount of bending pressure supplied to pro-

duce contouring. For heel-out channels, insufficient lateral support will

cause "grabbing" in the rolls resulting in either a destroyed part or an

uneven contour radius. The amount of bending pressure is also important

to the forming of heel-out sections. Too much bending pressure will

cause either premature flange wrinkling, crowning in the web or a collapse

of the section. The amount of lateral flange support and bending pressure

required will vary with the particular material being formed. The softer

materials require less pressure to produce contouring, therefore it is

necessary for the operator to apply less bending pressure to minimize the

chances of premature part failure.
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Definition no Part Shape and Geometric Variables

h HEEL-IN CHANNEL

t _t

t w 7 HEEL-OUT CHANNEL

FIGURE iI B-4 LINEAR ROLL HEEL-IN AND HEEL-OUT CHANNELS

Linear roll heel-in and heel-out channels are linear sections pre-

pared from sheet metal stock by brake forming the sheet metal to the

desired section height and web width, then roll forming to the desired

contour radius. Linear roll heel-in channels are used where it is

necessary to fasten the section to a convex surface of a structure where-

as heel-out sections are fastened to concave surfaces of a structure.
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Parts formed by the linear roll process can be formed to a constant

radius or in many cases, parts with varying radii can be formed with

relative ease. No special tooling is required for parts with varying

radii; however, the machine operator must be supplied with a template

representing the various radii to be formed.

The geometric variables, as shown in Figure III B-4, are material

thickness kt), section height (h), contour radius (R) and web width (w).

The material thickness, section height, and contour radius are the only

variables considered in this evaluation; however, web width can be a

limiting parameter for formability limits of the lighter gage materials.

A web widtn of .75" is satisfactory for the material gages used in this

evaluation, but this web width is considered maxiuzm for .020 and lighter

gage materials.

Predictability Equations

Heel-in Channel:

The equation for the inflection line:

0. 1.O4 6~~ Equation I

The equation for the elastic buckling line:

h E [ 0.025 Equation II
R St, ()2



The equation for the buckling line above the inflection line:

1. 713 S Equation III

Heel-Out Channels:

The equation for the inflection line:

h =0.0209() Equation IVR

The equation for elastic buckling:

J1L= E 0.0216EutoV
R ~ -T -jy- Iquation V

The equatiou for buckling above the inflection line:

Ah .0 L Equation VI

The formability equations and curve shapes for both heel-in and heel-

out channels are basically the sawe. Due to this similarity only the equa-

tions and formability curves for heel-in sections will be discussed.

To construct a formability curve for heel-in channels using the pre-

dictability equations, the following procedure is followed.

As an example, the formability curve for 2024-0 aluminum will be coo-

structed. To construct the formability curve it is necessary to obtain

the E/Sty value for the material in question. This property for 2024-0

aluminum is E/Sty - 900.
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Step I: Using Equation I: h/R .0146 (h/t)f, locate the position

of the inflection line by positioning the point, h/R a .O146, on the

h/t = 1 line. From this point construct a line with a slope of j"

See Figure III B-5.

LOG

h I T INFLECTION LINE

.0146

.001 LOG

I 
~h z

FIGURE III B-5 GRAPH CONSTRUCTION

Step II: Using Equation II: h/R = E/Sty /t

Insert the value of E/Sty and arbitrarily select a value for h/t

and solve for h/R. Locate the point on log-log graph paper and construct

a -2 slope through this point to the h/t axis and to the inflection line.

From the inflection line construct a vertical line to the machine limit

line. See the following sketch.
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LOG
S / • MACHINE- LIMIT

INFLECTION LINE

BUCKLING LIMIT(SLOPE-2)

.001 _ LOG
h/

FIGURE III B-6 GRAPH CONSTRUCTION

The machine limit line is a mechanical limit and has nothing to do with

material properties; however, it is a limiting parameter. The limit will

depend on the material gage, the maximum section height that the tooling

will accommodate, and the minimum Dart radius that the machine and tooling

will produce. The machine limit line will have a different position with a

change in any of the previously mentioned variables. The machine limit

line presented in this report is constructea using the following limiting

parameters: 5" minimum obtainable part radius, .063 gage material, and

2" maximum section height. The plot of points on the h/R axis was accomplish-

ed by keeping R a 5" constant and varying h to a maximum of 2". Points on

the h/t axis were plotted by keeping the material thickness, t = .063,

constant and varying h to a maximum of 2".
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A complete formability curve constructed from the formability equa-

tions and the machine limit line is shown in the following sketch.

LOG

h BUCKLED PARTS

GOOD PARTS

LOG

h/t

FIGURE III B-7 TYPICAL FORMABILITY CURVE

An alternate method for constructing a fornmbility curve for linear

roll section is as follows:

Step I: Construct the inflection line as described in the first

method.

Step II: Locate E/Sty X 10-5 on the vertical index line. This index

line is h/t = 50 for heel-in channels. The value for E/Sty X 10-5 for

2024-0 aluminum is .009. Construct a line with a (-2) slope through this

point to the inflection line. From the intersection of this line and the

inflection line construct a vertical line to the machine limit line as

shown in the following sketch.
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INFLECTION LINE

h
.0146 [_..-8 BUCKLING INDEX LINE

.009-
I / BUCKLING LIMIT (SLOPE-2)

.001 50LOG

FIGURE Iif B-8 GRAPH CONSTRUCTION

Composite Graphs

The formability curves representing the forming limits of all

materials evaluated under this contract will appear in composite form in

Graphs III B-i and III B-2. Graph III B-I is the composite for linear

roll heel-in channels and Graph III B-2 is the composite for heel-out

channels.
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All individual graphs and composite graphs have been presented on a

logarithmic basis; however, a method of plotting design limits on Cartesian

graph paper is possible. To construct this type graph it is necessary tc

have previously determined the formability limits of the material in question.

A plot of maximum section height versus minimum contour radius for any

material thickness is made on Cartesian graph paper as illustrated in

Graph III B-3. This type graph enables the planner or designer to read

design limits directly with no calculations necessary.
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GRAPH III B-A
LINEAR ROLL COMPOS'sTE GRAPH

HEEL-IN CHANNELS
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GRAPH III B-2
LINEAR ROLL COMPOSITE GRAPH

HEEL-OUT CHANNELS
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GRAPH III B-3

ALTERNATE METHOD FOR PLOTTING LINEAR ROLL
HEEL-IN 1 7-7 PH (CONDITION "lA")
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Design Tables

The design tables presented in this report are derived from the

composite graphs presented in the previous section. The design limits

for linear roll heel-in channels appear in Tables III B-1 through III B-17,

and the design limits for heel-out channels appear in Tables III B-18

through III B-34.

Due to the nature of the linear roll heel-in process it is very difficult

to form parts with practical section heights that are perfectly free of

buckling and require no handwork. Because of this a certain amount of

handworkable buckling is tolerated and the design limits presented for heel-

in channels may include parts with transverse buckles to approximately .02"

in depth as shown in the following sketch.

.02 BUCKLE DEPTH

FIGURE III B-9 HEEL-IN CHANNEL DISTORTION
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I

The formability limits for heel-out channels are based on incipient

flange buckling. For design purposes these limits can be exceeded where

handwork is applicable. The maximum amount of handwork that can be

tolerated will depend on the tolerance requirements and structural applica-

tion of the individual part.

It is possible, especially for heavy gage materials, to extend the

formability limits for heel-out channels. This may be accomplished by

tightening the gap between the roll tool and the flange support blocks so

that there is less clearance in which the flanges may buckle. This procedure

is actually a procedure of in-process handwork and is done at the risk of

destroying the channel. As the channel is roll formed to a contour radius

that exceeds the theoretical buckling limit small buckles will appear in

the flanges. In some cases.% the contour radius may be decreased consider-

ably after the buckling limit is reached; however, the scrap rate can be

expected to be high. The small buckles that appear in the flanges may cause

Vt grabbing" in the rol' tooling resulting in either an uneven contour radius

or R completely collapsed part.

The following design tables are so constructed that the maximum section

height can be determined fcr any practical combination of material thickness

and contour radius. For linear roll sections the practical range of material

gage is .020 - .187, and the practical range of part radii is R 5"

R = 70" -
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The composite graphs and design tables for tungsten and beryllium

are not shown for the linear roll process. The extreme brittleness of

these materials at room temperature makes room temperature forming

impossible.

The design limits for .016 material are excluded for all materials

because of the high scrap rate that can be expected of the lighter gage

materials using the three roll linear roll process. The other vacant

areas in the design tables are due to a limitation imposed by the tooling

and machine design.

The following design limits are established for channel sections

formed on a Kane and Roach three roll linear roll machine.

ASD TR 61-191(11) 111-92



I'D I'D I'D %DO 'kO 1O m% m~ UN 0 ~ cu

0%~U' 0%t 0 - 0

#- Y- H- H H H H

0-

o~ ~ 2 cu _e U 1 ~ 4

0% a\ 0 0%i 'I uu m M

4A 4.

4- '0 .- 0ý 0\ Hn a\ H - H '0 0 r% 0 0
1.. C3 t -0 v7 ,"\ 0 0 H- H- H H ('

%D 00 o1 en~' \'

H HcH
1-40 0 V7 CU.C

E4C14

4. 00 ILr- 0r CU u' \-C 1 . u% '
'I . .. . . . . . . .

4>4

o 0

-t UN r- -O

C)j

(SD TR- 61-9111 c111-93 c



----- - - t- - -t - - -l - l -

Cu~~V Nq Cu C C U U Cu u CO .

u Cu Cu Cu Cu Cu CU CU CU CuJ Cu Cu Cu

00 0 (30 0 en
4 O 4 O A 4 z m 4 .4.c c

I4% tf L C U 0 \D0 t- Lenc
\q0 r. . - tý- co w Cu mn

e-A H4 u C C u Cu Cu Cu

t.- E.- t-- E- UN I eM CM a% C U' 0 C~o 0 u\
4. 4.ý \. 4 ' '0 t- r o 0\' 0 0 H H

H H H H 4 H1 H H H H Cu Cu Cu Cu

+1 H? 1?2lT -- -\ N ----- --- ---- ---

1-4 H- H A H H H H H H H HA

* -H H Hq r- -u - -mt 4\ '% D t -

E-4 4J . 4 U ' U

om 0n e u'0 C COj COl 4n --t HN LC\ U4 .\ 
\, ' n U N O N 0 0H' s e n e n \

,-~V4

0' u I- e H - Hn r- H r- 4 C f r 4. r-4

a H H H H HV HA

"0~1 U' (

r.- \J0 Cu i ~H4. r--C o ~N m

0

H4H Lt%\ 0 Sr

AsD Tp 61-igi(ii) II-94



o 0 0 H -4 ul --2

0l Ir o C co

o- H- Cu4 -\j -r'~ '
01 . . . .

(y, N ~ c~C o H : Cu en

0 CO0 )

H c CO G\0

0l *r 0 1
- - - - - - - -- 0 -m f - - -c

Hv Cu 0 CO 0 \1 4vl "04 Cu - -t
or I) A -Z Lt-\

P4 H- £-i H~ 0- rvI r- H1

.- ) Lr 0 N \*
; HR Hoc H H HeH

ox z0 0 A *1

1-4 ý4 9 H. HN H H H H

Cu U'. 0o 0 r 0u C 0 0u

-~~ ~ ~~~ 1O ' tO0. ). 0 0 u~

4J 4- HW\ 0 Ln, U- 0 ' H .C 0 ' HN 0-L'

0 H Hq HML 0 t

As R6-193----------------------- -------------------------------



H _Ht OHL
01 Of 0

-I- r- ro r O rc

C 'M 0 0 C~ 0 :

H HH H H 2

(0 HrýLNa

H H HH H H

0O CY) (7 H0 --- -I c

C * *ý N. *ý *I Q*
H H H- H1 H H H- H- H - H H-

H H 1 1~- "0 -0

H H H Ho \D H m H l H V H- HEH - H

0H H H0 mc ~0O 0 0 H 1.
A A H rH H H H HH

1.or U- ccH H o2

H Hi H H H

0 0 H HiH. 2

UN cu -t ON 0 21 c --t
UGI 0 0 (0 00

C.- - 0 U-\ "

cn - U' j xfl ' 0 \t- \,O \ O cx .

0--- cm - mt _:t

ASD TR 61-191(11) 111-96



SOD (0 CO CO OD CO 0 H 4 H CH

cr () ( l ý -:t H cr W, r\ co t-
c c ) CO ]O N. u u

H- 1 H 'JM 11 NJ Cu -'j u C

o0 0 Co 0 Cuý co CrN 00'ý j M
U-) Lp Lr T) LP 0 1- co co ON. m\ 0

U-) Cu cy J 0 I'm or

H H H4 H4 H1 H H H H Hi H H-

o o c :trt 0 \o '0) o 0 ~CC)
VI(\j Iu 4ý tr\ -0 t-Cý0 N * . *ý .; I'-* *

0- r4 43 IN co (r " (y) L- 'j -I
040 0 H c yu 4. 4. L( \ 0) 110

* H4 H H -H- H '4 H- H- H4 H H

Nu E- 1- CU J D 0\ 'NJ
4).C CU Cu4. 4. 4
Ii H H- H- H H4 H Hi H

*H Hi

4. CO % C 0 4.I 0- H\ C-j 0 j

0 t 0 0 COD Qr 4. ) V- 0 4. :t "
.8 ts C8 m C* * C. 0. * C

'0 ".0 co cu CO 0 0 0~o H H50 * tH H '-

co 0m COý cc) CO Hr t- 0 C
CUj U4 C '\0 '.0 - C CO (
0 . 1 *1 .1 1 *1 . 1

o t- Du C N H- (n \ C- \

\0

0

- - i m - - m - - - -N -\

ASD TR 61-191(11) 111-97



Ai - - - -\ 7q -Q - -N

- ~ Ul U-- cor - - c M u.
CM ~ ~ ~ ~ A -\I CM M 9J CM C M rn~- L

CC Ho Ho \0 M (C - r 0

(D ~ 0 C) co _Q coC H0 .n - n0 H 0

r4 H H4 H 4 H1 HM HM 4M -1 C

0 9-- CO coO 0 H C

to F -4 H H- H4 H1 r- H H CM AM AM r

0~. C- 1- 0N 0-) C>- OC>r
*H H- Hn Hý H H D M

* -4 H HH H H 4 H H H H

E-4 0 -0 H4 LP H r4 r'04 -

0 H M 90 0 C
r12 r4 0 H H H H H- H -1 H4 H H

fz4,

00

oi \- -ot- -t co ( -
o? C). 0 0l COC< H '0 0 H

_:t 0 l 0 H-1 (X) --I U-

0 C9

0r CO UN UN 0 0" 0 0n
CM c0 m -t \2 *-S *

ASD~~ HR H111(1 H19



0r 'r 'a H~ 0. -o_:

t- co Go 0\ 0 0 H-

CUN CM cn

" CM 0 M C\ ,J

L CM C M H c!

IN "'k CO) C\ 0

\~CM0 co c- 01

co cc 4 O\I Go 0 m0 LfN "0

-:t. .% 1 11 . .
r2 H- H H H H H- H H H

%- * 0 )l -- \4 - \ M C C ) .ý C43 0 0 H -r - t 4 - NW '.0H Ho H4 H4H H H H H H

co _: L- c o CO M (\ CI- CM - 4 - i

nE40 14 HHH

on-t c 0 H0 M C
Ak 00

P40 z > 00 -.1 0 CO H o r LC\ C T\ ON ,*

0 0ý 9OO r-i

HY rI (1 cc Y 0 4-t co) 04- v
* 0\ 4- 9CX Cl CD ý

c'J 0 co NO 4 U\ 00 Q- H- Ll
cu \0 ~ cu cu

CCo.

'0

0

13 U'\ 0 UIN
0 HY cr.- .

ASD TR 61-191(11) 119



-~~~~ - - - - - - - -1 a

-.:J tco - o- c

co CT -0 ON

\.O co'n c

% o 0G t- 0- t0 0l Hl H7 i I
Hr H

co~ o- *- Ho H- H- H V -- '

e--4.

0 0

0 0 -10 o \O 0 \.i

H~ -. 0 KG '.

E-1 t Go 0 t-- c 0

\D K 0 CO 0 Hi KGý 1 co ON 0

\0
coH

0

o~,o

ASD TR 61-191(11) l-o



a- -o -o - - -

'T, 'n0 to 1 0 )

H 1 H i-i H i r4 HH H H H H

0~~~C 0 C u u4
H H H H H H H Hi H- H H- H

4-i N N _ - ' ON Cut

0 0 H H Cu C
i-i H- H H H H

-- 
r- O a 

-c),\

Cu~O Cu Cu -0t 0* 0 I'%

L\L \10 \1 t- CO ON ON ON a\ 0

H r

r- 4 _

t-0H m. ON \D \T'0 Cu ( t

0- 0
E- 0 ) CM \,D 0 1>-\ CC0

UN ~ ~ ~ ~ V UN\ LC\ \.0. -~ - CO C 0 * * *

0r t4- CY\ - N '0 .0 0 ' - :f Lr\ - co

Ul 0 H t-N Cu . 0 H- 4. r r, - :

N~0J -L S C Cu '.0 N C Cuj _4z 1.0 ON- Ho r0 '0NR a o cr v c- m. M.- j~ u. U N ' . - .

0UN 0 UN\ H 0~ t- N 0 WY - U %C
0 Cuj 4 m M~ 4 : 4 -t UN UN UN U

HS *R 6111(1 11. .



ODC O O C O C) r' O - A- - C
UN tN UN UNý LtN UN'l ýt- CO ON ON

cu Cm Cu CM Ci Cj (NJ Cj Cuj Cu Cu CU

UNcn (Y ml m -d- \D0 ON 0 _zt _:- CC) \D mN

(- t~- t- t- t-- CC) OD 0 0 H- H- Cuj CU

H H- H H H- H- H- cli C6 cu Cu Cu C6

0O C - H CC) H " O N CU U

C) 1? C? ~ A- A-N t- - C CO ON\ ON
4 H -H H H H H H H H- H-- H- H- H

_:t- - Cuj \D UN\ crý 1 N Y) H (- 0
Cu Cu Cu IT ~ % - N UN t- - CO co

o H H H H- H-- H ., H H H 4 H :H

o 0) Cuj H- 0) \10 N D H CO) 0C) \ID CO

H H- H- H H- H H- H H- Hi H H H4

4'CO CO CO -. rý t- ND ON 1? CO r:1 CO l

r-i r-I H - H H H H- H- H-
4'

94 ( 12 UN t-N t~ t-- CO ON\ OY r\ \ ON m 0 ) C

Cu -H4-
--f COI - - - c o - r O N (8 UN Go C) ioH- A- U 0 0D N WO m - -I CO CO CO ON MO

0 H 0 4

C5)

C ~ ~ U CY ) UN r\ Ll

4.)

AST Th 61-191(11) IN -102



Co C CMj I M O M CM CM _:t LfN\ 0) \ '-0 H
\19O \Dý llO \ýD \ \.o I t- co CR 0N 9)
CM CMj N CMj CM CMj CM CMj CM CMj CM m

U*\Lr\ LCN LCN\ U\ UN\ \C0 U\ 0 U CC) C l U ~co

H H H H H H H4 CM CM CM cM M C

o 0 0 2CM 0) CO NM mN CM ) CC)

r4 4 H* H- H r-i H- Hi H- H- H- H

\3 O: N I t-- UIP C\M '\.O H- ' 0 C j

0CM CM CMl cV' CY) D-L\ \O '0 t t O
o- H -H -H H H H H H- H H H- H H-

CM O CMj m- H CO \"0 ---.t C CMj t- 0 C ) S
o i H H CM CM (Y) .. ý- uN ý LUN \lN \l)

HH H H- H H H H H H4 H4 H H

43 N O ON UN\ ce) ON\ \0 ryl "0D H UN\ C) CMi t-
* N ON O C ) CM cvm I? - -t. - \ UN U

H H H- H H. H H- H- H- H- H-

'-4
Ho0 ) C) C \,c \,o ON ---j 0cc) ON '0 LEN

0' 0 H H~ Hl H H H

E4 4'

0~ Wl
H~~~ ~ ~ ~ H) H H r% c')L

P~ c) r-N t- 0 '0 .o a\ 0 - CO CO CO H COj ON

_o 4. LN GN mN C\0 ON 0 0. 0-t- t

F--0

0N C)t t,- Q C C) OR Il' Qý 0

HP UH O(tPJi r ( 31\ 01 00 0 -UN '.uo.
C.)m -fL,\ Ll r ID\0 t

ASD0 \TB 6111(1 11-:: o0 -. -- c 3



%DO \10k ~ \,D %O mo \, CC) ON aD
m. O ON a\ mN 0\ m 0\ 0 H H- CUj m
CU C Cu C U CU Cu (j A~ A C;) A

U'\o CO OD CD CO CO 0 _:t IL 4- 0 _:t 0 ur\
(7\ mN mN O 7O H H cm _: 4 -I- IC' 110

*4 4 4 c Z * ý *ý Cý * .ý (

Co 00 CA 0 ONO -t %IQ 0 \10 0 OD 0
iPý IC\ U l% co m0 C O O 0 H H CU

*H H- HA H- H H- H H CU C CU CUj CU

(ti CU CUJ CO \0) IC\ (\ 0 C'\ H 0 V
It _:- 4-I 4-t \ \) t.- CC) co ON\ ON 0 0

\JO 00 t - IC3 ' N f a \.O \ - ~ O

H H H H- H- Hi H H Hl H- HI

r * H H- H CU cy) :t 4- IC LC' \D '0 t- I>-

ON ONi r N 4 C r4 rý r4 r; rC' r!' 4-

E-' to 4-) -

CU m 4)ý H H H- H Hr H H -H 0

0- G O H4 H CM CU CU er4 (

F-I~O 4-- (f) 0) UN 0 IC' CU IC' GD 0 It'\ t-
oq 0 H\o H H- Hm HQ HQ H H HY

4J
0R Ui u} C 0 \ H- \-0 0) _- t 0 CU \-O cc

E-4 NO P0\) - CC) G\ONO 0\ 0 06 H- H- r-i H

0 " \.DC C8 4 t- r- N (l I' G N C
0ý CC Cý S o* * C * * C\

0 I'D CU co CU " 0 m~ KG 0 0.1 U\ \104u-t 4-t L U ' IC t. . - 1 - 1- Co co co co
0 I * L

CUi \.D CU ' 0 CY 0 CUj 4-:tO 0 CU 0~ t 4 4- W\ It '. '0 .0 G) '0 t-- t-- CC)

\0

40

u0 0 ýIC 0U

H4 H Cuj 4- 4-'.

ASD TR 61-191(11)1110



HC-- c-- C-- c-- CQI - C V- C-- c) IX OX -1 C)

04r- 04i (k-i 04 0 4 i 04 C i ) \. a) _

co Go CC) CD) co CX mX C) H- 04j 0j 01 m

H- H- H H1 H Hi H 04j 04j 04j 0j 04j 0

oUN\ U-\ UN a) 4- 04 04 co k C) UN\ 0orl t- 4 - 4 N kO C -- CD) OX\ O3X 0
H- H -H -H- H- Hi H- H! H -H 4 04

C) 0) C -! 4 04 _:t CM 04 cX) 0) C- O
~y- ~- ~ 0' ) UNx - C) L C- - 0CZC)C

o- H -H ~ H ý H ~ H i H H H H- H H rH

Ho Hý Hr~ 04H- U'\ N UN k-w t - C\- --

0 0 0 0) C)i C~ ) Hm4c a 4-z __- UN\ UN UN \

4 HH H H H H H- H H\ H- H-
%0 ~ ~ Ho-4C a\)l \ - CIA UNj OXi UN -4t 0l H

.,.. 0 f- _X O ) 0 H 0 4 4 a ) 4 N U

t-i 4) cu N - U UN\ 0m UN\ C UN\ OX1 0 UNl OX
H u 4CCf c\ l 0 0 0 *- .~ ~ 01 C

4P 0

C) CO U-\ UN k-L t-- 00 CD) C:) C, OX C C, 0) 0 N C8

cm H t- \m - - - H H,! H HJ Hz O 0

k-C rH C- a)\ C -- H t-C CID ca co c) C)roU

o UN UN ' L'-\ C- - C) C) C-C X C CC)

04l 00 a C-- C) 4-\ C--C) 0 N - UN \D OD
W CQ UN\ L(' Lrl \-)C - D \- - C- --o

C)C -) 0 - O \ N C 4 a -) 0 )

UN C N C) UN _:t C) ) N

ASD M 61-191(11) 111-105



N- H H H- H- H H- -1 C) C CD c CM
co t- t- t- -- t-- t- t- co o" ON C) H-

CM C CM CM CM CM CM C CM CM C; (I

UrN H Coi o 01\ Co ON' H Y CM 0 CM \ 1
Ho o CC Ho Ho 0\ ON) N N C U

0 U-\ L ,\ L \ CM --t C~ CC) I-) 0 0 CM

H H 4 H H H H HI H Hi H H H- CM N

o 0) C \10 --t CM 0 ~-t CI CO 0) N- Q
CY- t ~ 4 U 0 \ - t- co CO C

C? . . aý ka * *

o H- H H H- H- H H Hi H4 H H H H4

\1 '0 co m H U-\ CMj co CMj 1-CM 10

H H Hi H- H H H- H- H H Hi H H

r-4 -.0 c' ri Co '0 Hr Ci \N H 0 '0 C CMj
-~ C)- m _. _: a r l ý

rr, 02H H4 H H4 H rH H H4 H H H H4 H r

C)4.)

0H 0- 0 H H 0i 0i en C)) --I ON\ UN ON .z

H * +) * -H4 H4 H- H H4 H H-4H H
P~ ;-:E-4 - I

C) c 0) 0)
HC 0U H VA U\ Oj CX u CM :- UN\ H- UNl CMj LCN 0) tr\ ON CM LCr\ ON

0 H-C) a l H r-i H H N H Hm

H~~C +u0r 44r4r 4r

E- CO CUN t- m.. 0- C o Coj Co\ ON (N ) C)l 0o

ow U Lr\ '.0 ,o t '0 - co Co\ Co Co 0 ON ON0

"o, C ~ '0 CM ' N C N C 0 CM en \ -c o ON
('I m ent _4t UN .4- UN0 t- UN '.0 t-0 CC)'0

t0

UN C) ON ON N ~ L\ c C) UN C)\Co
Hý H M C .- . N .

.

0

AsD TRl 61-191(11) iii-106



C). 0 C) C) C) C) 0 O , -:1 D 0)
) C C) CO c 7\ C) H j

'j\j Cl) -111 i 1

'01 -4 C) -q 1- - j A) -u - \j ON

0C) 0..~ <D 0~ (D) (3 .-

C)Lr H C) I C) () C
0ý A rý C ) C C

H- H- H- H H H H H CUj CU C

Ln n L 0 a, rC), C> co O LfU H C)
r n -ý -4ý1 LI C )1 1 l C ) ClN l

0 0 C al C) C)3 AI

-\j - 'o- C

MN C!

2-C r- H H4 H- H1 1 r H Hq H H Hi HA H

Ho 43)

o U- 5rI '0 MO Or c) all 0' C zCt )
H~~~ H- H H01 H : r l

oi Ct '0 *C) C ) N

F-4 Fj~ C): H3 '-1 H) 01 4rCr r
1. 114 COO MO MOc-' C0 w0 *r *r- o * o U

C) mC1) 0 C)C) (01 0 C) -4 -7 0 t C CU

4)

- -I = =

4-)

ASD ~61-19(11) II-fO



co CO Co 00 00 co - cW t)O 0 0 C

T '-'- H~

Co Cco co A4 c JN 0 ) 0

r4 1 4.I r4 r

H-AHH H H H- H H-

o~~c 0 - H '
U 0 0 o H 010 '\i H-

r4 r

Cc0 C-s co H 0

.4 P- HH

%-0 o- 0l C) 0rl C) CO - . 4
4- 01 0O CN 0

oy o ~ 0 0) 0 4 ) \

PQ0ý ) R 0 HQ Hý H H

4-) 0~
Ell H 0 I CO 4 0 r z 0

0
0 c I C 0 0. In .N 00 01. -

0~.) +2 HY N 0 0 -

0- 0o -0 o

L'N (Y~ (~') 0 _ 4t 00 H 4- '-( '0)

0'

0 U2 11 - C4._4. - 0 IN 0 .0A 0r \0t-~

C\I W4 U- CO WN 4- .0 00 0 -\

4D ON6111(1 111 108O . L\~ 4 1



0i ON ON ON ON ONj 01j Y~j o
\,D \,D \,O `,DD - CO

01 0 4 0 0 4 04 0 4 N 0404 01) o

, .y C? 11 :t t .c

H H H - H- ri H- H- r4 04 r4 r4 04

(Yý C C' C 4 OO0 .4 . * . S

o1 \0 0 co mC co (\I U'\ C '-

q rH H4 HH H i, H H H H H H

\DU-0 \O I C' c o m- \,O cru C I 0 LC\j

4 H H a r- H 4 H H H H 4 H H

-,.4

.4 8 4 \-.D (I-,- CO) 04 \O Hi I-' \
co co CO\ aO C O 0 H H 04 04 C' (1 ' -Zý

t- r-! H r-. H -H H r4 H H rH

-C 4)

H 0 E5 V04 ON coi CO\ C'\ t 0 H~ atON 01~

H~~~ Hýk

W' H> 2z -P 0t I- H ~ - H (~U T

0? 0 IC' -: CC) cv- 0 --t ON CO 0 4 zt

OCO --t ON eni It- ON\ 0i --t It- CC) 0 01 Zt I-C'
V'.1 N4 (' .t -- C C C I' M O V

0 r

4-' 0r iUN 0 if'\ 0 0l 0 u' 0\
H H 04 j 04(Y - -I- _:t MDý M\ \

Aso TR 61-191(:ii) Iao



ON ON C\ aJ t - - 4- rfn 0 ý'.
cO C G O I ' co o CMI N ? (

r4 H H- H H HM r-i HM r-M CMi CMi

'. '. 0 t- (DIN C' M 0 _-r 0\ _:t 0

oH H 0COl H- CMl ON~ OD 0n C- 0 -

ol 0n 0: H: H'l CMCLn 1. 0 "
H~~~~ r4 4

H~~~~~ H HHHH,

0 0 H 'aC M (~ 1 4

E-4 -4 C ? CC) 0

HC. 4 H- H0 H ,4

'.1 0 Hr H0M C

19 1 -4- CM 7, CO l

COt P4 CO LIN W CO H 0-

4-) 0 0ý r.0 r4 CO C O C

0M H M f C 4
0' -4o -t Go Al C

0s 0r 00C ~ 0C

-4- t*- 3 0 C0'. ,
. . . *-1 CC

-4 - 0 -4 'NC 0 CM -- C

C _z c l-t 'o -j -t Lr K .0 C

'0

0

U.' 0jP. LIN' 0 UN WI 0 .'C
0k CM Cj LIN .'t

ASD TR 61-191(11) III -liO



CO0i CU 02j 0j N t- - _: H- CC) CC) UN"\0 10) \,D \`0 \10 t- CO C) H 0

CJ r4 02 024C] C'] 02ý CO COj 01 cO

o 0 0 -7t mO t- mO H 0 t- H-- Wio 0u Co: -L-rH- UN\ t- CC) o,) m 0 0 H- 02

H H H H H4 M* H rH r4 H4 02 02 0

',C \,D 0 UN\ C) _Ht 0\2 H- O\ UN N ON
02 2 Y)C H-7 CN v - t U C) ON\ 0

H H- H H H H- H H- H r- H H 021

(V 0\2 .4j- UN- mO r- co H CC)' 0 H-z H

H H H~ (Y' H: Hr1 Hr H\ H H

ON 0 \2 C O .- .- ý UN '0 '0 t ý
H- r H H4 H H H4 H 4 H H- H- r-i H-

a\ LD t- CO\ \_0H --t UNi HC UN t--
o7 0 COi ON m) HY _02 02d CO C - N U U

U) to Ho H4 H4 r H, Hi H H H H- H

E-4 .

E-4 .

td 0 2 C) H 02 N2 CO H- C U 0 UN1 ON j 02 N O
t- 1I - CD ON ON 0 H H- CA 02j 02 (Y' (y) M.

ý4 I o - H H H H H H4

o C) 0j 02j \"o H-t 0) UN1 C) C - H H C C
4t') UN\ '10) t.: CO) ON\ ON- 0) 0) C) H H- 02j

o U)
H- H H4 H4 H H H4

HM UN1 H-t H- co H- 02 \D 01N 02 _H- \D 0 UN\
HYI -Z UN1 \10 co co r- C O CO ON N ON C) C)

NX) UDL\N 02 CC) Cuj \ 0 CO UN1 CO\ CCO UN a
02C - N U N O t t- t-ý c- c CO 0 C) cD

H 0 \D 0 - r- 0 H U a C)1 01 H-z Nc
(q H-H-t UN\ UN* UN\ \0 ".0 O N) t- i t

4.14

H H cm cm H-) H- U UN \0 ~

ASD 7R 61-191M1) I-l



OD(Y-) CC' mC r ~ H C -r ~ LN -

24 NJ .~ tC- C -Z 0 c- LrN~ .

e..\ ^- 'j

o 0 C 2 H C 0.

-,j CO z c C:C H(

4-.V C-- --A

00

ý-q CA uC 00 H 4 C) r -4 I N~ L) mn '2 _:t I-%

-H H-I

u

I'~. 4-)

7,O 0 0 ~ \

01 CI Hz H1 H: H. -H HY' H H
0 0c

-:I 24 2 -- -C 0 - L O -j ) 0 14 '4 0 2

C--- Hj H-- H, H H

43C 0 L Cj . 2 0C Hr HN U -Z C\ VIN 0 0
LC -Zr IC> ICA \-D2C- C - C- C

0 1- \ \

'2) M- 4 C- H - C 0 H -

oS TR 6111(1 11r -112> IO O C C CC-



OD NM C M M V C Lr\ H- co t-- \10
\10 \1"0 \10 CC) ON o) H Oli m'

CM CM CM CM cm CM o C .; (V ý e; C.;(

Lr\ LUN UN% oN O H H- O7N \,L _zt- ON tl'-
t-- t- -- t- 00 0 H- CMi N ~ _z ... t UN

o0 0 _:t U'\ _:t - ý ON \10 H 0 0
o ~ ~ ~ UN "0 C- O C O N 0ý H CM

H H H H H H- H H- H- H- CM CM CM CM

\CM CMD C') -rl UN \D 0- ' C ON 0

H H H Hi H H- H H 1;H CM C

CM CM _:t UI -t 0 co cr) UN\ 0 --t H-
*ý r ý C ý lýI C0 CO O7N

H H- H- H H- H- H H- H4 H H4 r H

_ ), ON UN ir W m CO --t _ON ' \0 \J t-- 0 --

ON co H1 \ CM rZi 0 ~ t N '-0 \ -- m-

C\J 4-3 )
I0 ri-4A.

u~C 00 co 0~ d) C-- -Zt ON --t cO N - rI, 0-
0C ON- 0C HN CM CM r- r -i (M cm c) m

5 C) (D " 0 0 4
PQF 4 0 -) 00i C'

u \4-'O* H H H: H H-. H Hy H H H H
H - -j

to
4)~O 01\ 0l tý) Ho HD CM\ ON C) 0" ON H4 CO i CM

HOj C)l HH t - CD- CO ONd 0D H H-d- M ~
r4 0r*

0 -*r j c ~ 10 l L\L\ t

C~ t- P) P. CM HM 0: Go) . ' .. -- C- C

-- i m UNl \. -- C N O 0 0l 0 H ~ H d H \CM

0 U

0N ri H C~ ~ -C Mj m. CO CM U-1 k 0 "0
0 f4 UN - .- . I- C- O C O O N O

ASD~~ ~ ~~ HR6-9(1)1131



Hy C (N C ("N - C . LrN '

f\" 'C i NJ ' C 0 LIN C\ -
LrN 'N 0 t CC C 0 0 H '

o >j (\ (C) - Lf L\ - -U-\ LP1\ 0 9 0 Ci 0 'J o

HH

0 .
4-1'4 U-1H\ -- HI Hl -I H -

%., 0 CC
to to H H H H4 H4 H4 H4 H H

r-- 0 o 'N

1 r4

0) *5 43 H H - H H H H H H H

E-4

-% 0 0) - \,o -2 CoD 05ý H c- H LCN H~ H CC
HO 01 $4 0

4-30

ts: ,-1\ j CCX .4.
wL-2C 0s- 0l

cx- 0 ~ 0 --t

H ('H
00'

tXJ Hr 0 LIN 0 Col 0 Coý UN '~N

0 1- .m C\ . r

CoD 'C 61-9111 111-114 -J o ~-



OD0 0 0D 0 ) C ' C ) C --

t'CD N-C 0 C -4 t 0 "D) X
cc) 7' C -4 C )LN - )

H Hl H NM "\i ICM ")C I "N NM~

o 0 0c CM ~~. ) - 0 C ) H 0 H
0 ~ý u- \ I-x U ' - I C 0 H CH -H -H q Hý H \' AM CMý '\j i

Lr\ LCN .-4 ) (n H C*\ -D 0) N j

C) ~ ~ ~ ~ ~ -C) H U li-C~0

00

H H HH H -1 H H- r4 r4 r4 cM

t-0 0-- CMj (n H - N 0 CD -

o

-i 0

0 - - r - L-\

1 -4CC I) "'.I -lH C - yH N CM N ?-

0 j

r4 4 -4 -1 0 i

00

0 ~ ~ ~ ~ ~ - 9) C C C C C > 0 0 ( CM CM

z~ -- --t -r

_z V,
h-? OcC

0

41 ~ 0 0 UN % 0 Lrl 0n kI\

ASD TR 61-191(11) 111-115



0 C 10 -41- t-- 0c CC Lr\ 1z 3 '2 cr

Hý 0I C\1 "NJ nj* '2 %2C-~ ' CCO i - i l 1C

0 "' O 0 0 0 C' UN H CD Q10 -

-4 -- -4

0 CQ c* *r

Lf Ls- '- r\f 1 C H \

0 0

U) +3
p) 4) V

ti -
- ,.') C N Cr0 U J > A m4 IN k.. '2)

H) U O C-- -1 ZN 0 H ' Ci O C j1 4
V4 0

+3'1i 4)H H -H H H H H-

cUN c OC C -- 0) N, C~ 0 0 H- H 1 21 2

00 V-

-1 ON ) \10 0. ' H t 0 (Y' _t '1 0 I'D co
E-40 ts t 4\ C -- C-- O C N (N O Y. 0 0 0

ON 01\ '0 0 4. c- 0 (Y- \,o CA, _:to rn - r\ UN c I' 0 'tC- - t.- cO co C.) r-, Z

21 2 C -\ \1 D 0 MO '.0D CD 0 MO U-\ C- 0
cu COl -r\ \,C IDtN CO ') '. t.- C - Cl- co.

0

0

+3 IN 0 tUN U)tN 0 u 0 u 0 UN 0
0 Hel U CM (r mt -:r _.r

ASD T.R 61-191(ii) 111-116



m 1 Lf\ mC XCl) t-q c- (Y

H H H - -4 H- H- H4 H H H

C- ~ ,r (Y-H'- 1 C - C- H C C' --I

cC )ON C' C' I? ( 0 1 01

t ' -: - 1 0 CU, C - C H1 Ci 'I -

o0 C-j f) CO1 N O-1 C'\ Hi H. T, mU

rO~O''C HPI-N c01 OC) 0 01 '-

1 0 4-
H H) H H

C) AC- 0 (Y) 01 XC) Z,\ --q tC\ CCco~:-
H- X) s--- 0- \10 \-O \10 m' c O ' co C'

0

1 +

_:t- zi- C\ 1 CDt H ( C) \ N Ho 1 1. CO Ho

I24 co -r u~j CD XC) cC C-D _:t 0 C n -.-- CO " D C \C

0 D '1-C H~r 01 mD H: IC' % - - N C' ( LC\ "C)\ C-

CO co >, Ci' r,\ C' E7- c C C\ \
C~~~C r-4 ?i~ -j (yCm)

0- .~ I .

Cu Hý U-\ CO 0 01 N1 01-t -\ \ -O -n - --1
0 ra *l m n r? _:r

0

o- Lr\ 0 'C' 0 0- 0 UN
OmH H- cm (1M Or -- _: O\ \

ASD TR 61-1.91(11) 111I-U7



()U-N t 0 ON CON (n '-3 cu >
CUi NU (Y' H-t - UN\ \0 \,r) - -

4 4 H H H1 4 41 4 4 H

_:t g CQ ON\ -.- ON IQ \-O H _:t t-

CO I,0 0 N H (CnC DC

I ~ H A - H HI r-4 I H - H H

o 7- H C , LN --.I- ON CD \.D OIN (' \,D C-)o &l c i-cC)CO N O 0 0 0 H H
r4 4

ýoLC CID 0

o C O\H t -0~ ' C 0\ H)

H ~ H C) 3Ut- H U C 0 - C A
C' LNC)~ - ~ C C CD CNO N ZD C O N1 1 o

4-') tot

E 0 4) -H

AU mU -M CM\ NC) ON\ C UN\ L- 0 'nI - C

14 0
4J) 0

"4)
o ai
_:t Cý- CD mN NC H CU\

E-- 0i ts CDj ro () U-\ Lr r - UN \C) \0)NC

Hr -- -
c-' _ON CD\ c-\ ON\ CU H ') C O U

0 - -j - --

co
-4uON mN uC H), CD UN t N C) C D -jU

E-4 (M 1 C D CD C D C - -m- HY) H -it
0 * *

>- H H - ON 0) cm H- "o co C,\ CO0N

0

+1' a N r 0 U- 0- UN 0 0 0 r 0
0~ H H 0u CMj r (I H-r _:t.

ASD TR 61-191(11) 111-118



O- 03ý CFI cc- if' C\( ON .0 ~ C! C\
0, C) 0 r-4 '>U . '~ -

Cki M C C \ C, CMj CQ cM, NM 0

z'.~ 0 \10 if' U CM t--- _z~ c -- t Ol

o-i Hf Hý .. L- F. cc -i2 0 0 0: ' 03

0 r-
4  H- H: a--. HZ- H ý ri 

4  
f-I ("I (Xi -

0 0 '.; H - . N 0:3 CQI '0 CM '0

el ' Hr- H H r- Hý Hý H ý H i H 4

ON -2 -zi Hý Cri> C 0 0- ! >

03 U \ZM C ! M C '> . N C

El cc. C", '. ) UN U C\ N2 (,.I'-0

E- QH
C: 0- 0, 2 is 'f4H U N C - '>

C; fi cr cc- 03 C, C> C 0 H- H- H- 0i (\I (11 C'>

C- 0,

~4- r- H- r-4 H H pi

17 -41 H
*ý C) 0- 0 r4 01 C' -.-: cc 0j ccS Ck i:t 0N C N O

If' U- \. C- 0) 0 ON LO C,

C) .4.) QOol I-

i-0- \'0 -. _j \c (ý -0~~r CI 2 H M '.0 0 ., 3 C UN V\. CM\ \i).0

t~ 'd m U\ u\. '0 0- C-- C-- 03 -'N 03 O\ ON On 0
0 cl .~ *t" M .-- .r \0 . .

I-u C4

ASD 0R 6119 (11) i 1' U> .19 . . C - C- -0



cm H H- 0IH C U H C C-1 C) C

~-O O x5 t.- cc) aN 0) H H C O C

O ~ \ CU? co a-- :5 U\ ) \ - C O cT\ c, C

H N

o- * o \D t-c

CO C H ' -~ C -:r 0) _:t 2C) C U CO' (Y) _z Lr\ U.\ M 0

*H Hý H H H4 rH H- Hi H- H

4> 1-0 G'\ 0) H- NU CU C CO m Lf'\ Lr\ \

0

E-4 rd 0 -4)

4-) (Y) H- COi \10 MOl \10 C OC)
F- U \D CO CC) 0-\ C H H- IV CQ CO -)

a) q-4 0

1 001 -:t LC\ U-\ ~-t u-\ U' LI'. C-\ _:t \10 C) -_
H ?4 r-) -r w O CS' C) ON 0' C) 0) C q H H CUj CU CU

HO 4- 44 0 4

H) V H H H H

0

co \

H U' MOý tr- c- c C N ý

0 r-i~ H IN H2 \

ASD CL) 6111(1 UI



(Y Y C) (Y) (Y) OLO v-I (f, -_ r> i ---

N I N - (" 0:1- cit N-l C 01 0) 0 H

Lr\ ~CMj OM ON t ON C\OfND I-ý
CN XC 0., C- I o-n _-t~~

I r- H4 H- H4 c- H \j C) ') C Cd CM

o 0 C) 0O co \1 Lr-- H4 it. H ir\~) r~r ~ i'. X tN - a'ý ON 0 0
*I Hi H4 H- H- H_ H_ H- -4 H CM

t--- C - tIN Ira 0 t-- H yl n C

o H M () - -N X C N - CO CL
I H- H_ H_ H4 H H H- H H H- H__ H-

c co \1 0 M () -CU ( t X C -

I r- rH H H4 H 4 H -H H H- H H- H- H

~ ~H CC) ON\ N- O'ý rH \ C'i t__ 0 - H .:
I C\ O 0 H- CM l (V) _:t ~- --t ' r~ X- 0 1 * * * * *
1 H4 H H ý Hý H4 H4 H H

NM H rO-4C N CMj Lrl\ O\ %10 ON CMjm C) CO ONt 0 H_ CM C () __- -

t4P4V1 0 1 H- H- H4 H~ H_ HA H_ H- H Hq H
cr * 4.'

c"I E-4

* S 0 6) t\- -- - (Y-) CC) -:t 0D mV \1 0 U'%, r'n H-
U-i co m C X) t- C N O 0 H H- r4 CM CMj m~ m(

El~ ~ - 4.' -. -1ý4 rý r 4 r
4-4 -- - - -

- 4 ) u- ts XC N O CO C N O 0 0 C) H H_
F'0 En *ý .r . ý CO cc). * H H H H

z c
_:t 0 O .. N -1 \-H C C) 0 rn u'\ N-_

0 ~ Lt\ UN XC XC N- N CO Cr CO ON ON ON ON

Ui- _: r 0 it\ G\ Cj U_% H- H_ _:t \,D 0N 0 CMj
N' ((n -:3 Lt" UN t X C N- N - N N-, CO Cr

o ON N.- CMj N-_ H- - \XC 0 H-. _:t \0 OD 0 H

0 .l

93 0UN 0 UN\ 0_ W 0
0~ H cmI cmJ -L r N

ASD TR 61-191(11) 111-121



UNl UNl UIr\ \'D ( XD \fl (')

CoU ý,C r ~
I I I CJ 0 V C~l CMj CM CM (V (" cr) r"n

0) 0 CiN 0 -- N 0MC) \0 \ CM (\.
I I r1 t-- t, H ! CM (i CMj 0] CMCn

\0 MD M 0 0 0 ON\ LC\ ((N) 0) if> H M
o '>rý I> M \ M0 \-r OCM ON\ ON 0 -4

r4 4 4 N C\, Cl CM

CQ NM r-4 H- 0 t-- (n CMj t- C- \ rN O D
0 CM CMl ((N -n N tN MD C- C- GD G N O

G\' O 0 H (\j CAJ (( _- - r-I ccN t-- C--.
0 9 N. .ý .r ., . ý O

H- H- H- H- H- H- r r-4 H4 r- H4 H

NI HD H 4 C N!t --t ((N \(N 01 . - :tN 0

r~0 r-1 r4 r4

0 10 O ONt '.i4 0- -tiN C ON C\ ~ c'- C4 4--

P~G (o >0\ MO O'\ UD D ON O 0 0r 0 H H H
oý \1 . a- co al 0

ccN HJ 00I I NM ) H .- O

U I \C) 0- tiN 0) (( ' C ~ N L> C- 0 CM .4
4u(~ ± I> L> M)M) _:t 0' ON* C' C- CC D a

o o * Ca C." *, C

C)j

If>n 0 L-\ C) 4 I> Cn \.2 CD r-4 _z
_:t Hrl \ CU cu i CY\ 0\ W )(

AS]) TB 61-9111 0 III-1 C :



C- d Cý (N ] M t-, N d I c,*- '.

L\LIN L(N% ON ON r-4 H- ON\ \j; -- ON C--
C-- C- C- 0 0 H H (N r -i -1 -1 LC,\

I I H Hr-
4 
f r-

4  
H (N' (NI NIQ Cdj CM Ci (N

0 0 -:t t\-- _: H GO\ \,C) H- 0 _:T 0
t- 1 ~ Lr i - cc cc ON 0 H4 r-4 C,

I .- F4 Hý rý g Hý i H M ýC

%No \C) UN\ L-\ tIN Cdj 0 OIN _t C\ 0 -

0 : C CMl rvl-ý UNý CO C- -- 0 -0
r* r -4  

H- H- r- H H H H- H -4 Cc'

(NJ CMj - \ -' -~ C) cc) ('1 cc, tIN 0 - -
1- H -H j mM ( -i --t L('\ UN, I'D No CD- co) C O

I 4 r-H H H- r- H- H- H H H

_> ON\ ir-\ L-\ _:t r- 0- _z O\ %,o m' t- 0 Cl-
a N CMj rn- Cli _:t _z U\ \0) \0 t-- -

If) co 4.

04 r-H CMj H4 (Y\ _:t 0) UN\ ON _t 0 CMj tI 0
I-tU-4 ~ L - t-- CC) O\ O7\ 0 H H H4 CM CM cn (ni .4

ox H- H- H- H- H- - H H4 H H4

0ý J NO CM H 0 r-4 0 -S -r.24 -:tC 0
C-fl4 F04 O4 C\ 0N N - C X N O ~ ~ , . CM

~ 0 H H4 H- H- H4 H- H

H~ cu

iP U-\ Cdj OD Cj I'D 0 CMj UNl t- H (- \U C--
-4- mN _:t NC)\ NOl %D - C-- c- t-- co IX) (X CC)

o4 H 7 ON \ 0 1~ -- 0 03 --1 OD 0 (Ni .-t Ni0
(-, c'i\ L-\ UN\ \UN tN N O N -- t-- t-- l--

0u C4 Sl * A 0 Sn 0 .* ýW

No

ASD T[¶ 61-191(11)11-2



C-C- - C C, a C c 0
CD.

l" I r I- 0 C~ '0 V -1C C (

\,L t - c Ci C C)

c C) c

r-C. 
C..

.-1 r- r, r r-' r- r - -

U-- ct 0 :H - c t- Cl 0 C- if

C-4 C'. Hý r- Y ~ C ~ - f L .HH H H H ,

cr) C), c'; a. L-

0 r-4 Cu _:I 0' t-- Hl C, i' C C C0
I~ Lr\ U'> r-4 O\D CD reD C- C- C.) U- Q C.
I . Sý 1 *

o4 -4 4-3 C-I r-4 r4 r-4 04 Cxl r> r-4 Cf- C'> H

0 . S

r- Ua- C. , r ri -
0

=) -- -; r

0p

o) . o C
:2 4J~ 'J-~- 3 \

ASDC)ý- 0C -:t 61CC111 III-N -1 Z-



- r 
-l -1 - I C 0 0 V

o. ý.O r- Coj '.o I-? LC

CC) 01 CO L- r-4 Lr 0 ý c c 0N 0
H~ H C\

H S-* I H H H H- r-

0ý '70 0] t- tr' CO 0ý '. 0

Hs H~ C0 C-4 (l- rr -r\ 0- m

oo . . 0

43 - CC) (7\ 00a 0 0 H H H C

02 Ho H- H -4 r

to0 43 o C O
--- CC .~ _. I- M _t ft c

;F 0. t- mo Co t ON ON 01\
to H H \-u

(Y) E4-

14 0

4rI0 0 N 0 o. 0\-'0 0 CMj trl\ N- 0

"4)
0-,. 0 u M N co _:- CO CUj U', r- 0 C\'. _:- \.0 H M

_4t GD \1 - 4 ' [( ' '0 0 Z. '0 * -

\D0 CM CC) Cj _:t t-- ONt H1 a:)' C \ ON H CM

(NJ Cj C, C-- 0 C~j _4f tIN - ON 0 OfI re)

(0 c - C= - 0 CM - . CC) 0j '-n _:t ci '0

0r 0 ft UN 0 0t ft \ 0t f

0

ASD TR 61-191(11) 1-5



CQ H CMj -- t 0 t- co H
0 S- C n -t. --I

OM CMi CM CMj Cj CMj Cj CMj Cý CM CM

U' () (y) -t U\ \0 It-- t- 0o C ON

o CC) CD CO \-) --- 0 t- (y OIN M~ C) (y CC)
o 0 C) H- C~jM _:t _:t UNU \.D tl- t- t*-

I>- t- C) CO UN* H- I- ---t ON\ CM j C
ou ~~~~ON ON\ H- H CMi (' r

.oo H\ H cO i U' H t- C O M 'i

.( H 4 H H H H H H- H H Hl

-r\ H -t t 0 \r) CMj Co H- I' C) Ul CO CM
00 C ON C ) H H CMj CMj r') C') M -

to HA H- H- Hi H- H- H H- H4 H

c Co \.0 C, co m O t- C) U.N CO H
Ct- Co ON ON 0 C) H CMj CM CM eM

E-4A-

U.\ V\ Lr CeD T a \ -
U N IC- ) r - r i 8 H H -

0 ON - CM _t- CC) Cki \10 ON H\ ~ N -J- ON -

o U) . I * 1 *1 1 . I * * * .

14 ( UN CMj '. ) e-Z o "CO c

C) ) r

UjN CY) _:t _C) UN C)\ C)l C)\ UN )

H r ~ H \.C co r-i .4.) U\ 'o0 '0 q
0.1 ) Y t -ý _t - N U\ L\ tl r

ASD R 61191(1) 11-1A



SECTION IV
PLANE CONTOURING OF SHEET
A. SHEET STRETCH FORMING

B. ANDROFORMING
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SHEET STRETCH

Description of Process

The sheet stretch process is the contouring of a sheet of metal by

stretching over a die in such a manner that permanent set takes place,

thus holding springback to a minimum. The forming of difficult shapes

in one operation makes this a valuable process. Although a Sheridan

300 ton Stretch Press and workpiece Bpecimens measuring 24 x 40 inches

were used in this program the resultant data is applicable to any standard

stretch press and any size material.

By referring to Figure IV A-1 the set-up for a sheet stretch

operation is apparent.

PART

DIE HYDRAU1 Ir. CLAMP--

TENSION CYL.

VERTICAL RAM

TYPICAL SHEET STRETCH SET-UP
FIGURE IVA-I
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The ram raises the die into the workpiece while the jaws of the stretch

press hold the workpiece securely. The force exerted by the ram forces

the sheet metal to contour to the shape of the die.

To achieve the best results a proper set-up is a necessity. The die

table should be perfectly level and the jaws of the machine should be as

tangential as possible to the curvature of the die. The stretch press

must be of sufficient tonnage as any increase in either material thickness

or tensile strength will require an increase in pressure to stretch the

material. The dies must be able to withstand the great pressures exerted

on them or failure of the die will occur. Therefore, all hollow dies

must have internal strengthening members.

There is an excess of material in any sheet stretch operation. This

excess is the material that lies outside tne formed area. This excess

must be trimmed off and the workpiece cut to size for a finished part.

Definition of Part Shape

and Geometric Variables

The geometric variables concerned with sheet stretch operations are

the radii of the two curvatures and their respective chord lengths. The

radius over which the sheet is pulled is designated as (RT) with its

respective chord length being designated (T). The other radius is designated

as (RL) with its chord length being (L). (See Figure IV A-2)
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GEOMETRIC VARIABLES OF SHEET STRETCH
FIGURE IV A-2

DIRECTIO)N
~OF PULL

T

The direction of pull in a sheet stretch operation is determined by

the smaller radii on the die. The work sheet is always stretched over

the smallest radius. The work sheet should also be pulled parallel to

the direction of rolling. In this way the "grain" of the metal will be

parallel to the severest radius rather than perpendicular to it. The direc-

tion of rolling has an appreciable effect on the forming limits and should

always be considered in a stretching operation. (See Figure IV A-3).

WORKSHEET DIRECTION OF ROLLING

JAWS RT ,JAWS

DIE

SET-UP CONSIDERING THE DIRECTION OF ROLL OF THE MATERIAL
FIGURE IVA-3

ASD TR 61-191(11) IV-3



In most cases even though the work sheet does not stretch completely

over the die, splitting does not occur in the formed area, but rather in

that region between the edge of the die and the jaws of the stretch press.

This means that even if a part has split, it is still useful. The few

exceptions to this are those materials which are very brittle. These

brittle materials on occasions split at the crown of the die rendering the

piece useless. Of the materials stretched in this program only HM21XA-T8

split at the crown of the most severe dies.

The sheet stretch process is not concerned with the gage of a material,

but rather with the elongation. If all other properties are equal the

thickness will have no effect on the formability. This means that work

sheets of the same material and of varying gages when stretched over the

same die will be approximately equal in size.

Predictability Equations

The basic equation to correlate conventional strain to sheet stretch

parameters:
Ii

I (= [2 (R/L ) CSC-' 2 (R/L) 1] Equation I

The formability indice used for this program:

i. ' . (2.0E= f( 2._0) -

The specific equation for finding (R/L) value when E2.0 is known:

IC2.0 = 4 [2(R/L) CSC' 2(R/L) -1I]l Equation II

ASD TR 61-191(11) IV-4



The equation showing relationship of sheet stretch parameters:

X x --- = C Equation III

Where:

C = constant

RL = radius perpendicular to direction of pull

RT = radius parallel to direction of pull.

L = chord length of RL and/or of R

T = chord length of HT

R = radius when R/L = RT/T = R/L

In order to find the value for (2.0 a tension test specimen is grided

with 2 inch squares. The specimen is pulled and a grid at the point of

failure is measured to find the change in length ( Q L) caused by the

strain. (See Figure IV A-4).

BEFORE

FRACTURE• •AT~

0 1Y/ 0
L '• J

2.0+ A L

TYPICAL GRIDDED TENSION SPECIMEN
FIG. IV A-4

ASD TR 61-191(ii) IV-5



After measuring A L use this equation to find 2.0

L2- - Equation IV

It is now possible to use equation II and plot a curve for all R/L

values and all values of E 2 . 0 . Then by pulling a tension specimen of

a given material it is possible to use this curve to find the particular

R/L value for that material. With this R/L value it would then become

possible to construct a graph showing all Rp/T and RL/L values for that

material.

PROBLF24: Construct a graph showing all RT/T and RdL values.

GIVEN: (2.0 = 0.3 (from tension specimen)

Step I. Construct a graph with R/L as the ordinate and E2 .0

as the abscissa.

Step II. Plot Equation II E2.0 = 4 [2(R/L) CSC" 2 (R/L) -I]

on the graph. (See Figure IV A-5).

1.6

1.2

.2.o = 4 2(R/L) CSC-' 2(R/L)--JR/L .8

.4

0 .2 .3 .4 .5 .6

S2.0

PLOTTING EQUATION II
FIG. IV A-5
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Step III. Locate the given value of (2.0 ( ý2.0 = 0.3

from tension specimen) on the abscissa.

Step IV. Construct a vertical line from this point until inter-

secting the curve.

Step V. At the point of intersection construct a horizontal line

back to the ordinate.

Step VI. Read the R/L value at the ordinate. (See Figure IV A-6).

(R/L = .82)
1.6

1.2

R/ RL 0.2.0 = 4 2 (R/L) CSC-' 2 (R/L)--
R/L .8

01

.4 H'

oo

.1 .2 .3 4 .5 .6
(2.0

FINDING THE R/L VALUE
FIG. IV A-6

Step VII. Construct a graph on log-log paper with RT/T as the

ordinate and RL/L as the abscissa.

Step VIII. Next construct a 450 index line passing through

/T = RJL. .1 and RT/T and RJL = .5.

(RT/T = RL/L = .5 is the theoretical limit for sheet

stretch.) (See Figure IV A-7).
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LOG

RT/T THEORETICAL

FORMING LIMITS

.5

.5 LOG
RL/L

PLOTTING INDEX AND THEORETICAL LIMITS
FIG. IV A-7

Step IX. On the index line plot the value of R/L taken from the

first graph. (R/L r .82 so R/L . RT/T = R&/L = 0.82).

Through this point construct a line perpendicular to the

index line.

Step X. This line is the forming limit for the particular

material. The constant (C) for this material is (0.82)2

so from Equation III RT/T X R•L = (0.82)2. (See

Figure IV A-8).
-i,•

8U -
P - i

0.82 __ FORMING LIMIT

, t PARTS

I~I

. 5 -- THEORETICAL

0~

0.8 -
FORMING LIMIT

. 5 0.82 RL/L

PLOTTING THE FORMING LIMITS

FIG. IV A-8
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Composite Graphs

For a composite graph showing the correlation of the R/L values for

the materials in this program to E2.0 see Graph IV A-I. For a composite

graph of the forming limits see Graph IV A-2.

It might prove possible in some instances to extend the forming limits

for a specific material by reducing the strain rate effect (slower forming),

reducing surface roughness of both material and die, or by the application

of heat. The forming limits of HM1IXA-T8 were extended by the application

of heat and appear in Graph IV A-2.

Tungsten and Beryllium were omitted from the Sheet Stretch phase of the

program because these materials fracture when clamped in the jaws of the

stretch press. If double contouring of these materials is necessary it

is suggested that matched, heated dies be used.
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GRAPH IV A-1
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GRAPH IV A--2

SHEET STRETCH
COMPOSITE GRAPH FOR FORMING LIMITS
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Design Tables

The sheet stretch design tables present a chord length for a given

radius. It should be noted that these values are given for the maximum

forming limits of the various materials.

To use the design tables note that the vertical columns represent

both RL and HR values. Each horizontal column is divided with the chord

length (L) being in the top half of the divided rectangle and the chord

length (T) being in the bottom half.

(I) Select the correct table for the material.

(2) Select the radius desired for (RT).

(3) Read down the vertical column until crossing the (T) value

desired on a horizontal column.

(4) Staying on the same horizontal column move to the right

underneath the desired radius (RL), then read the value for

(L) in the top half of the rectangle.
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ANDROFORMING

Description of Process

Androforming is a double contour skin forming process. The machine

used was the Model J Androform machine located at Convair, Fort Worth,

Texas. The results obtained are good for any Androform machine that con-

sists of the following three components: (a) the hold-back system, (b) the

shaping system, and (c) the gripper jaws. (See Figure IV B-i).

The leading edge of the sheet is fed between the elements in "a"

and "b" and clamped in "c". The elements at "a" and "b" are then closed

to predetermined gaps and the sheet pulled between them as "c" moves as

shown. The elements at "a" are straight; i.e., they have no transverse

curvature, while the elements at "b" and "c" are set to a given curvature

(the element radius) before forming begins. The edges, represented by the

distance "x - x", change little during forming but the center longitudinal

element stretches to the length "y - y". It is this difference between

the stretch at the center and the edge of the sheet that causes the

contour in the transverse as well as the longitudinal direction. There is

another factor which contributes to contour. The center longitudinal element,

having stretched more than the edges, has a greater amount of springback,

thus adding to the double contour.

The machine adjustments are represented by the dimensions in Figure IV B-2.

Changing the "A" dimension has by far the greatest effect on the severity of

double contouring of any of the machine adjustments. Other adjustments

should be set at optimum conditions for each gage and the "A" dimension

varied for different contours desired.
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FIGURE IV B-1 ANDROFORM COMPONENTS
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UPPER
BEADS DO-DC

B

L ER

BEADS

FIGURE IV B-2 MACHINE ADJUSTMENTS FOR ANDROFORMING

By using the large shaping element radius (100" and above) no limit

could be reached; however, the resulting compound radius was very high.

Smaller contour radii were obtained by using 50" and 20" forming elements

and the splitting and buckling limits were obtained.
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Definition of Part Shape

and Geometric Variables

The geometric variables of double contoured androformed parts are

illustrated in Figure IV B-3.

RL

,RT

DIRECTION OF PULL

FIGURE IV B-3 GEOMETRIC VARIABLES FOR ANDROFORMING

RL and RT are the longitudinal and transverse radii, respectively. By

adjusting the machine settings these radii can be reduced down to the

limit. For a particular formed part if HL is forced to a large radius,

RT will be reduced to a smaller radius proportionately, i.e., RT/RL is

equal to a constant.
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Splitting or buckling will occur if the radii are made too small. By

increasing the thickness, buckling is reduced; however, the possibility

of splitting increases.

Predictability Equations

The following predictability equations were developed for the 20 inch

and 50 inch forming element radius.

The equations for the splitting limits of any material based upon its

mechanical properties are:

For 50 inch forming die:

RT41[ ] T [ - Equation I

For 20 inch forming die:

RT = 5.0 __RL -' Equation II

ii

The equations for the buckling limits of any material based upon its

mechanical properties are:

For 50 inch forming die:

RTt = [2.51 X 10-6 [RLt - Equation III

For 20 inch forming die:

RTI = 1.471 X 106 ETY RL F Equation IV
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To use Equations I through IV the mechanical properties of the

material must be known along with two of the three geometric variables.

The problem is to find the smallest RL that can be formed without

splitting or buckling for a particular RT and t.

As an example utilizing the 50 inch die limits; solve Equation I and

III for RL.

RL= 41f- [ E
RL.41tL 2.0 SryJL [ fJ Equation I-a

I[ .. X 1076- TY -2,,

RL 1 2.=5 N E j Tt] Equation III-a

The actual forming limit for RL is tne largest value obtained from

either Equation (I-a) or (11l-a). Values of RL smaller than that found by

Equation (I-a) will split while values of RL smaller than that found by

Equation (ll1-a) will buckle.

An alternate, and somewhat simpler, method of finding the formability

limits is to construct the curves as defined by Equations I and III.

Typical theoretical formability limit curves for splitting and buckling

are shown in Figures IV B-4 and IV B-5.

Knowing the mechanical properties that are included in Equations I and

III the formability limit graphs can be constructed as follows:
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EQUATION I
(SPLITTING LIMIT)

LOG

GOOD

I :ISPLITTING

RT 410 -- - - - - - -APIJTTING FORMABILITY

INDEX LINE

RL E 0-)

.Loa - 2.0 STY

RL

FIG. IV B-4
SPLITTING LIMIT CURVE

EQUATION fit

_O 
(BUCKLING LIMIT)

8.8

T t"I X I I Ip I INE

GOOD BUCKLING FORMABILITY

RRTt ýT t')

SUCKLE

.1 LOG

RLt

FIG. IV B-5
BUCKLING LIMIT CURVE
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Splitting

Step I: Using 1o0-1og graph paper and plotting on the ordinate

and on the abscissa , construct the formability index line at

a constant - of 410. See Figure IV B-4.

Step II: From the mechanical properties of the material as defined

by the standard tensile specimen, calculate the splitting index.

SPLITTING INDEX = E Equation V42.o 9STY-

Step III: At the intersection of R "L E X 10-1 and
S tep Sty

: 410 plot the limiting curve with a slope of minus one (-1).

See Figure IV B-4.

Step IV: Knowing a particular RT and t (RT' , t'), the splitting

limit RL can be determined as follows:

RT LOG

Si-QUATION I

-- - -X (SPLITTING LIMIT)

SPLIT I

P IT

SLOG

RL' R L

FIGURE IV B-6 PROCEDURE FOR FINDING THE SPLITTING LIMIT
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The value of -- is plotted horizontally until it intersects the

splitting limit curve. From this intersection a line is drawn vertically

to the R- axis. The value of LL is read directly.
iT, Ft'

SPLITTING LIMIT RL' [EL] X 4-jj1 Equation IV

Bucklingi

Step I: Using log-log graph paper and plotting HT t on the ordinate

and RL t on the abscissa , construct the buckling formability index

line with a slope of - 0.27 intersecting the RT t axis at 8.8 at

an RL t of 0.1. See Figure IV B-5.

Step II: From the mechanical properties of the material as defined

by the standard tensile specimen, calculate the buckling index.

BUCKLING INDEX = STY Equation V
E]

Step III: At the intersection of RT t =t X 103 and the buckl-
E

ing index line plot the limiting curve with a slope of minus one

(- 1). See Figure IV B-5.

Step IV: Knowing the particular RT and t (RT' , t'), the buckling

limit RL can be determined as follows:
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R 1 t LOG

(BUCKLING LIMIT)

BUICKLEDI

A • lOG

R"L ' RL

FIGURE IV B-7 PROCEDURE FOR FINDING THE BUCKLING LIMIT

The value of RT' t' is plotted horizontally until it intersects the buckl-

ing limit curve. From this intersection a line is drawn vertically to the
II

RL t axis. The limiting value of RL t is read directly.

Buckling Limit RL" [ RLIt,] I Equation VI
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If RL" is greater than RL', the actual limit is defined by

RL, i.e. any value of RL less than RL" will cause buckling. If

RL' is greater than RL", the actual limit is defined by RL', i.e.

any value of RL less than RL' will cause splitting.

Composite Graphs

Composite graphs were constructed for the 20 inch and 50 inch radius

forming elements. The splitting and buckling limit composites for the

50 inch and 20 inch dies are in Graphs V B-1 through V B-4 respectively.

An alternate method of plotting the limits for each material is

illustrated in Graph IV B-5. The RL limit can be read directly from

the curve by selecting R and t. Buckling limits are shown in solid

lines and splitting limits in dashed lines.

By using a larger forming element radius the resulting double contour

would have larger radii. Preliminary investigations revealed that actual

limits could not be reached by using the large radius form dies.
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GRAPH IV B-I
COMPOSITE GRAPH FOR ANDROFORM SPLITTING LIMITS FOR

(50" FORMING ELEMENT)

Soo

100

Iitani InI(I3V 11 Ir3 l (Ag Hadee 1;;F) I- -H4

iii ~H f(fl Ifi US-12Mo (Ag Hadee 800+t

> ~ ~ ~ ~ ~ u (6 A]. Moydeu (0 V) Ti(Ho Solue, tresn Relivd(n+

tO 20lmb50 m 10 M -0 20 50 100 O

AS1 - 605(Souton(reaed



GRAPH IV B-2
COMPOSITE GRAPH FOR ANDROFORM BUCKLING LIMITS FOR

(50"1 FORMING ELEMENT)
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GRAPH IV B-3
OOMPOSITE GRAPH FOR ANDROFORM SPLITTING LIMITS FOR

( 20"1 FORMING ELEMENT)
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GRAPH IV B--4
COMPOSITE GRAPH FOR ANDROFORM BUCKLING LIMITS FOR

(20"1 FORMING ELEMENT)
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Design Taoles

Design tables for all materials for the 50 inch forming die have been

established with the exception of tungsten, beryllium and J-1570. Tungsten

and beryllium have to be formed at elevated temperatures. Mechanical

property values for J-1570 in the heat treated condition were not obtained.

Design tables are in Tables IV B-i through IV B-16.

Knowing RT and t, the minimum RL can be read directly from the table.

Splitting and buckling failure is designated on the table.
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SECTION V
DEEP RECESSING

A. DEEP DRAWING WITH MECHANICAL DIES
B. MANUAL SPINNING
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DEEP DRAWING WITH MECHANICAL DIES

Description of the Forming Process

The deep drawing tests in this program were performed using double

action dies as shown in the sketch below.

MAIN RAM

MAIN DRAWING FORCE

CAST ING

DRAW RING

PART

BLANK HOLDER

PUNCH

FIXED BOLSTER

CUSHION

I I I I II
I II 'I I I
III I I I i I

ADJUSTABLE HOLD DOWN

PRESSURE

FIGURE V A-i DOUBLE ACTION DRAW DIE
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Equivalent results can be obtained in any press provided with an

adjustable blank holder pressure and sufficient power to provide the

necessary drawing force.

For the experimental cup forming in this program, dies of the

type shown in the above sketch were used in two different presses.

The presses used were: (1) the 1000 ton and (2) the 600 ton Lake

Erie Hydraulic presses. In both presses the blank holder pressure

is obtained from the lower cushion which is air operated on the

600 ton press, and hydraulic on the 1000 ton press with a maximum of

150 tons in both cases.

The forming tool consists of (1) a cylindrical meehanite steel

casting used to secure the draw die to the main ram, (2) a draw die,

(3) blank holder, and (4) punch. The draw dies and blank holders

are hardened steel with hard chrome plating on the surfaces in con-

tact with the part. The cup wall clearance is 20% of the metal

thickness. The punches are also hardened steel. The draw die and

blank holder are provided with holes to accommodate four 500 watt

heaters each for the elevated temperaturc tests.

The friction between the surfaces of the part and the tool must

be held to a minimum for good drawability. Two factors that can in-

fluence the frictional force are: (1) the surface condition of the

material and (2) the drawing lubricant. The tooling surfaces must be

polished and considerably harder than the material being formed.
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Although the surface finish does not appear to influence drawability

to any significant extent from friction effects, materials such as the

H-11 tool steels may be supplied with a heavy oxide surface coating

that scales off during the draw operation. A good general purpose

lubricant such as "International Drawing Compound #155DS" is essential

in cupping all materials at room temperature. A colloidal graphite

preparation such as "Electrofilm T-22" is recommended for elevated tem-

perature cupping.

The applicability of this data to cupping with single action

presses using rigid blank holders involves certain qualifications.

Drawability is reduced considerably in the rigid type blank

holders unless a critical amount of clearance is provided for the

thickening of the msteria].

-CLEARANCE

FIGURE V A-2 SINGLE ACTION DRAW DIE

Too great a clearance may result in an excessive draw force

because of buckling while insufficient clearance will create a con-

dition similar to that of excessive blank holder pressure in double
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action tools. Applicability would also depernd to a large extent on

the type of material being considered.

In general, particular attention must be paid to the pressure

distribution on the blank holder, the surface condition of the draw

die, and the blank holder. Any scratches or marks on these surfaces

perpendicular to the direction of movement nf the material can

seriously reduce the drawability.

Definition of Part Shape and Geometrical
Variables

The part shape for this investigation is limited to thin walled

cylindrical cups. The geometrical variables involved are shown below.

S~Rb =I-I

pd
H

r d rL

FIGURE V A-3 GEOMETRICAL VARIABLES FOR CUPPING

R Radius of the blankb

R d Radius of the die

h = Rb- Rd = overhang flange width

H z finished height of cup with no flange

rp = radius of the punch
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rd . draw radius

t - material thickness

The radius of the blank (Rb) and the radius of the die (Rd) are used

to define drawability. The end radius of the punch r was held constantp

at 5/8 inches. The draw die corner radius rd was made equal to ten

times the material thickness. These values of rp and rd were selected

to obtain maximum dravability for a wide variety of materials. For

values of rd greater than 10t excessive blank holder pressure would

be required to prevent buckling in unsupported material around the

die radius. This condition is often termed "puckering." Smaller

values of rp and rd cannot be used for materials with limited bend

ductility. Although materials with good bendability could be

formed at lower values of r4, the tension in the cup wall raises with

smaller values of rd; hence, the drawing limit is reduced.

The drawability is defined as the maximum value of the ratio

h/Rb that results in a cup free of defects. Plotting h/R b vs.

h/t on log-log paper yields a curve with the followiný shape:

FAILED PARTS

UCEDAND D RAWAIIA31- TY

FRACTURED L-IMIT LINE

h
Rb GOOD PARTS

h

t

FIGURE VA-4 TYPICAL THEORETICAL FORMABILITY CURVE
FOR THIN WALLED CYLINDRICAL CUPS
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Since h . Rb - Rd, only the values of three variables (Rb, R,

and t) are required to determine if the blank can be successfully

cupped. Similarly, if the material thickness and the cup or die

diameter is given, then the largest blank can be determined graphically

by assigning values to Rb as shown below:

t& Rd CONSTANT

XR = 8

R bR R =76
bb

t

FIGURE V A-5 TYPICAL FORMABILITY CURVE SHOWING
A CONSTANT Rd// LINE

A series of constant t and Rd lines can be superimposed over the

drawability curve and values of Rb obtained graphically.

The drawability limit lines for various materials fall in

different locations on the graph:
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MATERIAL A

GOOD ORAWABILI VY

"MATERIAL B

h- POOR ORAWABILITY

b -MATERIAL C

NO- SUITABLE

FOR DRAWING

h
t

FIGURE V A-6 TYPICAL FORMABILITY CURVES ILLUSTRATING
THE POSITION OF VARIOUS MATERIALS

There is a correlation between certain mechanical properties of

a material and the drawability of the material; hence, the drawability

of any material may be predicted on the basis of its mechanical pro-

perties.

Predictability Equations

The index I for cupping is:

I - _E_X Sa_
Scy ScY

where:

E Elastic Modulus

SCy -Compressive Yield Strength

STY =Tensile Yield Strength
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The value of the index I increases with increasing drawability and

may, therefore, be used to position the forming limit lines on the

graph. The shape of the curve, on a log-log plot, is defined by

the following equations:

Plastic Buckling Limit Line

h. 0.258 [ X 101 3EQUATION I

Elastic Buckling Limit Line

.h = 27.0 [].618 [il2EQUATION 11Rb -

In order to simplify the development of the limit lines on a com-

posite graph, the following index lines and points (where the

limit lines and index lines intersect) are given.

Index Lines

R b EQUATION III

R3.96 X.0 EQUATION IV

Intersection Points

h = I X 10'3  EQUATION V

Rb

T = ixi l-1 EQUATION VI
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ELASTIC BUCKLING LIMIT
PLASTIC BUCKLING LIMIT•

SEQ.

EQ. I I

EQ. VI EQ. IV

h
t

FIGURE V A-7 TYPICAL FORMABILITY CURVE AND INDEX LINES

Use of the predictability equations to determine the formability

limit line for a particular material can best be illustrazea by the

following example:

Step 1: Calculate the value of I:

For Tungsten at 1000 "F:

E = 50.5 X 106

SCY = 101.5 X 10 .. E STY 542
Sc- x

STY " 110.4 X 103

Step 2: L.(cate the index lines fror, Equations (III) and (IV).

The index lines for cupping are plotted as follows:

1. For Equation(IIt the slope of the line is .19

and its intercept on the h/RB axis is .40.

2. For Equation(IV) the slope is -5.42 and the h/t inter-

cept is 68.

From this, the index lines are constructed as shown below:
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54! 2

Rb .3 
•

h

20 30I.IT 40MI 6U0V 80R TUN00N 00 0°
t

FIGURE V A-8 SAMPLE CONSTRUCTION OF THE THEORETICAL
FORMABILITY LIMIT CURVE FOR TUNGSTEN AT 10000 F

From Equation (V ) the elastic buckling limit line for tungsten

intersects the index line at h = I X 100 . 54.2 and has a slope of -2.
t

From Equation (VI) the plastic buckling limi~t line for tungsten intersects

its index line at RA = I X 10-3 .542 and has a slope of .051. The

two segments of the formability limit line are Joined with a smooth curve.

Composite Graphs

"he composite graphs are based on average values of the mechanical

pi .,perties reported in Progress Report #4. The predicted cupping limits

for a JnaJority of the program materials were verified experimentally.
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Five materials presented special problems with regards to experi-

mental verification as outlined in the following chart:

Material E y Temperature Experimental

__Material _Scy Scy (OF) Verification

HM21XA-T8 495 R.T. Note (1)

Beryllium 3970 1200 Note (2)

Molybdenum 432 900 Note (3)
-.5 Ti

Columbium
10 Mo-10 Ti 177 R.T. Note (1)

Tungsten 542 1000 Note (3)

FIGURE V A-9 MATERIALS REQUIRING SPECIAL MENTION

Note (1): HM21XA-T8 and columbium (10 Mo-lO Ti) at room tempera-

ture do not exhibit a typical drawing failure. In both these materials

failure originated in the bend radius of the punch and proceeded across

the blank on a line 450 to the grain direction. Since the drawing index

is based on failure in the cup wall, experimental verification cannot

be expected.

Note (2): Beryllium at 1200OF failed in a brittle manner in bend

radii. By the same reasoning applyed to HM21XA-T8 and columbium

(10 Mo-lO Ti) in Note (1), beryllium at 120001F cannot be evaluated.

Note (3): The experimental cup tests for molybdenum and tungsten were

performed at 600 0F. At this temperature, which is above the brittle to

ductile transition temperatures of the metals, reasonably good agreement

was obtained between the test data and the predicted formability at the
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higher temperatures. This indicates that the forming temperature is not

critical once the material is in its ductile range.

Graph VA-2 shows an alternate method of plotting the critical variables,

h, Rb, and t, for a given material; in this case 2024-0 aluminum. This

type of graph has the advantage that values of the parameters may be read

off directly thus eliminating the calculations required when using

Graph VA-1.
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GRAPH V A-I

COMPOSITE GRAPH OF DEEP DRAW

LIMITS FOR CYLINDRICAL CUPS
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GRAPH V A--2
ALTERNATE METHOD OF PLOTTING
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Design Tables

The design tables were obtained from the composite graphs. The

values of Rd, %, h, and t were obtained by overlay plots as described

in the previous section. The value of H, the height of an unflanged cup,

was calculated using the following equation:

For convenience, the variables may be plotted as follows:

Z- 1 .4 1 .8 24 2.5 39 3,4 3.8 4.2 4.6

Rb

FIGURE V A--1 CURVE FOR CONVERTING FROM OVERHANG (h)
TO FINAL CUP HEIGHT (H)

ASD • 61-1.91(11) v-15
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The value of H for cupping is based on a constant volume and

a net material thickness change of zero. Production conditions

that favor thinning of the cup wall (such as ironing) because of

minimum metal clearance between the punch and die or oversize

material gage, will result in a larger value of H than is predicted,

provided the material does not fracture as a result of the increased

cup wall tension that results from these conditions.

It should also be pointed out that under conditions where a

certain amount of buckling and ironing can be tolerated, the

stated formability limits are conservative. This is particularly

true in the cupping of soft materials such as aluminum and mag-

nesium (at elevated temperature) where die wear is not a problem.

The following sketches illustrate this point.

t
rENSION IN THE

CUP WALL

MINIMUM CUP WALL. TENSION

I I I
I I I•

C B A

OLANK HOLDER PRESSURE-6-

FIGURE VA--l CUP WALL TENSION VS. BLANK HOLDER PRESSURE
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A The minimum pressure required to prevent flange buckling.

B The ideal pressure required to produce maxinmum formability

where flange buckling and ironing is permitted.

C = A low pressure such that the ironing action raises the cup

wall tension excessively.

The design tables are based on blank holding pressure in the

range from B to A which represents a comparatively small range of

pressures. On the splitting limit curves, the increase in drawability

obtained is shown as follows:

EXTENDED LIMIT FOR MATERIALS WHERE

FLANGE BUCKLES CAN BE IRONED OUT

IN

"b THEORETICAL LIMIT-

(MINIMUM BLANK HOLDER PRESSURE

REQUIRED TO PREVENT BUCKLING)

h
t

FIGURE V A-12 FORMABILITY LIMIT INCREASE FROM
REDUCED BLANK HOLDER PRESSURE
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MANUAL SPINNING

Description of Forming Process

Although manual spinning is used for the productinn of a widp

variety of part shapes, in this program the scope was necessarily

limited to a "single stage" operation, that is, the cups were spun

directly from a circular blank to the cylindrical mandrel in one

spinning operation with out preforming or annealing stages. The

mechanical set up used is shown in Figure VBKI:

SS BLANK

DIE- s CENTER (FRICTION BLOCK

TAILSTOCK SPINDLE

BALL BEARING TAIL CENTER

WOODEN 4PHENOLIC TIP

BACKUP BAR ADJUSTABLE FULCRUM PIN
0 FORMING BAR

LATHE STEADY REST

FIGURfE VB-I A SINGLE STAGE SETUP FOR MANUAL SPINNING

The equipment requirements for manual spinning are not severe. A

rigidly built lathe of sufficient power is, however, a necessity.
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The tooling requirements, particularity the mandrel material,

depends on the type of material to be formed, and the required number

ofparts as well as the part tolerance required. Hard-.ned steel, rather

than wood or aluminum, was used in view of the high strength materials

to be tested, and the elevated temperature test requirements.

In this type of forming, operator skill is unquestionably a vital

factor. The correct proceedures with regard to spinning speed, and

application of the forming forces must be varied for different material

gages of a particular material. Similarly, the procedures for obtain-

ing maximum formability differs from material to material. Lubrication

of the part is necessary to prevent galling of the part by the forming

bar. The best lubricant for spinning aluminum, stainless steel, tool

steels and super alloys, at room temperature is a mixture of petroleum

grease and graphite. Vaseline with graphite may also be used. "Moly cote"

is the recommended lubricant for elevated temperature spinning of all

alloys and for the spinning of Titanuim and magnesium at room tempera-

ture.

Definition of Part Shape
and Geometric Variables

The part shape for this investigation is limited to thin walled

cylindrical cups. The geometrical variables involved are shown in

Figure VB-2:
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d

II
-Rb

FIGURE VB-2 GEOMETRIC VARIABLES FOR SPINNING

The radius of the blank (Rb) and the radius of the die (Rd) are used

to define the forming limits.

The end radius of the die (rd) should be made sufficiently large to

avoid excess thinning. For the dies used in this program, the end radius

was held constant at three-eights inches, which is sufficiently large for

materials with low bend ductility and is well over the standard minimum

corner radius of 5T, normally specified in spinning dies.
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The formability limit in spinning is defined by the value of

(h/Rb). Plotting h/Rb vs h/t on log-log graph paper yields a curve

with the characteristic shape shown in Figure VB-3:

L

I FAILED PARTS

PLASTIC BUCKLING
LIMIT

ELASTIC BUCKLING

LIMIT

GOOD PARTS
-2 SLOPE

h LOG

FIGURE VB-3 THEORETICAL FORMABILITY CURVE FOR SPINNING

The elastic buckling limit line appears on the graph as a straight

line that has a slope of -2. The plastic buckling limit is associated

with heavy gages and appears on the graph as a straight horizontial

line.

Since the over hang flange height (h) is the difference between Rb

and Rd, only three parameters Rb, Rd and t, are required to define the

formability limit line. In addition to .the plastic and elastic buckling

limits imposed by the material properties there is a machine limit that

further restricts the spinning process. The machine limits are dependent

on the strength or toughness of the material and its gage. Figure VB-4

illustrates the machine limits:
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LOG MATERIAL A

S.. M AT ER IAL B
PLASTIC BUCKLING LIMIT

ELASTIC BUCKLING

MACHI E GAGE LIMIT

LOG

FIGURE VB-4 FORMING LIMIT CURVES FOR SPINNING SHOWING

MACHINE LIMITS

In both the elastic and plastic ranges there is a correlation between

the spinning formability and certain mechanical properties of the

materials; hence, the formability can be predicted theoretically for any

material. The machine limits have been established empirically and

correlated to the strength of the materials; therefore, the machine

limits can be predicted for any material.

Predictability Equations

The following predictability equations are used to determine the

spinning formability for any material.

Plastic Buckling Forming Limit Line:

h _ FE 10-210.91
R 0.162 x 10 EQUATION I
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The index line for this limit is:

h 0.12 ih0.91EQUATION If
EOo16uEb

Elastic Buckling Forming Limit Line:

h E 1 769 F 004851
- (h/t) EQUATION III

The index line for this limit is:

h__ = 0.0001279 (h/t )Z.6 EQUATION IV
Wb I

The intersection points of the index lines and the forming

limit lines are as follows:

Elastic limit intersection point:

h E X 10- EQUATION V
Rb Scv

Plastic limit intersection point:

hb X 10 EQUATION VI

Figure V B-5 illustrates these lines plotted on log-log coordinates

LOG EQUATION I_.IDX IEL

LEQUATION II

____________ _ 11 ,;EQUATION V

INE L EQUATION III

R I EQUATION VI hR EQUATION IN

IA

hI LOG LOG

PLASTIC LIMIT ELASTIC LIMIT

FIGURE VB-5 PLASTIC AND ELASTIC LIMITS
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The machine limits are a function of the material properties and

the gage. For this reason, two index lines have been established. One

index line (I) position the curve based upon the mechanical properties.

The other index line (II) position the curve based upon the gage. The

following equations were developed:

The equation for index line I:

LRb .072 ( h/t ).OEQUATION VII

The c uation for index li-ne II;

hb [.1 10-4 E [ A IV 0-3] 1.7 [h] EQUATION VIII

Thbe equation for the machine limit for each gage
and material is:

h_4.787X____-]_[t]_.96______4.2 EQUATION IX

The intersection point between index line I and
index line II is:

h E X 10 -3EQUATION X

The intersection poi.nt between index line II and the
xmichine limit curve is:

h I 0 f0l EQUATION XI
Rb
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Figure VB-6 illustrates these lines plotted on log-log coordinates.

LOG LOG EQUATION IX

INDEX LINE II

EQUATION Viii

I /INDEX LINE II

.4 h
Rb EQUATION X - EQUATION XI

INDEX LINE I

EQUATION VII

LOG L OG

h h
t t

FIGURE VB-6 MACHINE LIMIT CURVES FOR SPINNING

Forming limit curves can be constructed from the preceding equation:

by knowing the mechanical properties and following the procedure in Fig-

ures VB-5 and VB-6. The equations are summarized in figure V B-7:
L OG

LOGIEQUATION I

S~EQUATION III

h
Rb

7 EQUATION IX

,h 1• LOG

FIGURE VB-7 PREDICTABILITY EQUAl ION FOR SPINNING IN GRAPH FORM
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Composite Graphs

Graph VB-1 is the composite graph for plastic and elastic buckling

limits for all of the program materials. Graph VB-2 is the composite

graph of the machine limit index lines (index line II) for all materials.

Graph VB-3 is a complete composite graph for the elastic and plastic

buckling limits along the machine limits for each gage of 2024-0

aluminum. Graph VB-4 illustrates an alternate method of plotting the

formability limits. The limiting value of (h) can be read directly

from the graph for 2024-0 aluminum.
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GRAPH V B-I

SPINNING COMPOSITE FOR ELASTIC
AND PLASTIC BUCKLING LIMITS
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GRAPH V B-2
MANUAL SPINNING

COMPOSITE GRAPH OF
MACHIN LtMIT INDEX LINES11
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GRAPH V B-3
MANUAL SPINNING MACHINE GAGE LIMITS
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GRAPH V B -4

ALTERNATE METHODS OF PLOTTING

SPINNING FORMABILITY LIMITS
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DESIGN TABLES

Design tables have been established for the materials on this

program and are given in Tables VB-i through VB-23. The values of Db.,

Dd, h and t shown in the design tables were taken directly from the

composite graphs. The value of H, the final cup height, is determined

from equation XII.

H .641 (oDb/od +1) EQUATION X11
h~

Equation XII is graphical form is shown in Figure VB-8:

2.2 - ----

1.8

H

1.4

1.31.1.1.2.23

lb
Dd

FIGURE VB-8 CURVE FOR CONVERTING FROM OVERHANG (h) TO FINAL
CUP HEIGHT (H)
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As can be seen by this graph the finished cup height is larger than

the original over hang flange width (h). Although much of this

difference is a result of "free" elongation, the average cup wall

thickness is considerably less than the original metal thickness.

The equation for determinine H has been verified with test data from

a representative variety of different materials and gages.
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SECTION VI

SHALLOW RECESSING

A. BEADING ON THE RUBBER PRESS

B. BEADING ON THE DROP HAMMER
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BEADING ON THE RUBBER PRESS

Description of Process

The rubber bead process is used to form beads in sheet metal

structures for stiffening purposes. This process is usually restricted

to the forming of low strength materials such as aluminum and mag-

nesium in their soft condition. This restriction is imposed on

the process because of the requirement of high rubber pressure to

produce parts of good bead definition.

An HPM Diaform Press with an operating pressure of 3000 psi

was used in this evaluation. This pressure will produce good part

definition (free form radius) for the practical gages of 2024-0

aluminum and for the lighter gages of the higher strength materials.

The process of forming beaded panels on a rubber press is

relatively simple. Tooling consists of a form block containing

male beads positioned at the desired location on the form block.

The sheet metal blank to be beaded is prepared by profile trimming,

blanking dies, or by sawing. The prepared sheet metal blank is

positioned on the form block then formed by rubber pressure acting

on the blank.

The criteria for failure in rubber bead forming are splitting and

insufficient pressure. Splitting is due to the physical properties

of the material, the applied rubber pressure, and the geometric

variables. Insufficient pressure is due mainly to inadequate rubber

pressure but is dependent on the geometric variables and the material

properties. For the purpose of this evaluation parts are considered
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unacceptable due to insufficient pressure if there is less than 1/2"

flat area between beads.

Other factors that may be considered limiting factors in rubber

bead forming are longitudinal buckling and free form radius.

Longitudinal buckling generally occurs in the heavy gage materials

where the bead is of insufficient length. The free form radius may

be considered a limiting factor due to the fact that a large free

form radius reduces the stiffening characteristics of a bead.

Qefinition of Part Shape and Geometric Variables

The geometric variables considered in the rubber bead formability

limits are material thickness (t), bead radius (R), and distance

between bead centers (L). Other variables include free form radius

(Rf), and bead length (L2 ). The free form radius and bead length

were not considered in the construction of the formability curves;

nowever, they may impose restrictions on design limits as previously

described.
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19

, I
FIGURE VI A-I CROSS-SECTION AND SIDE VIEW OF BEAD

Predictability Equations

The predictability equations for rubber bead forming are as

follows:

The equation for the pressure index line:

I R. 0.065 [_R_] 0.37 Equation IL ]
The equation for the pressure line:

R 0.065 [ ~~(j)4 ]02l [__ . Equation II

The equation for the splitting Index line:[{- 6.8 4 X 1i-4( R ) 15Equation III
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The er:..-ion for the lower portion of the splitting line:

R 6. 0 X 102' [cE sj [R] Equation IV

To coz,'u% a iormaui4.ity curve using the predicLdoiiity

equations the following procedure is followed:

Step 1: Using Equation II, construct the pressure limit line.

Arbitrarily select practical values for R/t and solve for R/L.

.ine pressure limit line is a straight line; therefore, only two

points, P1 and P2 , are necessary. Connect these points as shown

in the following sketch:

LOG

R

.10

.01
1.0-- LOG1.0

FIGURE VI A-2 GRAPH CONSTRUCTION
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Step 2: Using Equation IV construct the lower portion of the

splitting line. Solve for R/L by inserting the numerical values for

Ez2 o and S. and select practical values for R/t. Solve two points

for R/L and draw a line through these points, P1 and P2, extending

it from the R/t axis to the R/L = .10 line as shown in the following

sketch:

LOG

PRESSURE LIMIT

R

.1 SPLITTING LIMIT
SLOPE (-12.4)

P1

.01 1-No LOG
1.0 R ~0

t
FIGURE VI A-3 GRAPH CONSTRUCTION

The remaining or upper portion of the splitting limit line has

no developed predictability equation. The line is a continuous curve ex-

tending from the h/R = 1.0 line to the pressure limit line. This

line may be fayed in by referring to the composite graph for rubber

bead forming that is presented in this report. For demonstration pur-

poses the following sketch is drawn with known curve locations for

material A and C. After finding the pressure limit line and lower
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splitting line for material B, fay in the upper splitting line

symmetrically as shown in the followine sketch:

LOG

L.10

.01 ~LOG
1.0 R

t
FIGURE VI A-4 GRAPH CONSTRUCTION

The completion of the foregoing step will give a complete formability

curve for rubber bead forming. A curve showing good and split parts

is shown in the following sketch,

LOG

INSUFFICIENT PRESSURE

R
T GOO SPLIT PARTS

PARTS

R LOG

t

FIGURE VI A--5 TYPICAL FORMABILITY CURVE
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Composite Graphs

The formability curves representing the forming limits of' all

applicable materials evaluated under this contract will appear in

Graph VI A-1.

The individual graphs and design data in tabular form are based

on the minimum material properties. Due to the fact that there is

a considerable range in 1hysical properties of any material, the

formability limits will vary with this range. An example of the possible

forming range is shown in the following sketch:

LOG

R MAXIMUM PROPERTIES
L- AVERAGE PROPERTIES

7MINIMUM PROPERTIES

R LOG

FIGURE VI A-6 RANGE IN FORMABILITY LIMITS
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GRAPH V I A-I

COMPOSITE GRAPH FOR RUBBER BEAD PANELS
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GRAPH VIA-2

ALTERNATE METHOD OF PLOTTING
RUBBER BEADZ FORMING LIMITS
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Design Tables

Design tables for all materials evaluated except HM21XA-T8

Titanium (6A1 - 4V), Tungsten, and Beryllium are shown ir Tables

VI A-i through VI A-15. HM2IXA-T8 and Titanium (6Ai-4V) are

excluded due to the fact that their minimum bend properties coupled

with tensile stresses are such that splitting occurs across the top

of the 1-ead on all practical panels. Tungsten and Beryllium are

excluded due to their very brittle nature and low formability limits

at the maximum operating temperature of rubber forming.

The design limits for .125 and .187 gage materials are excluded

due to the large free form radius that can be expected of these

gages.

The vacant spaces in the lower left hand corner of the design

tables are vacant because of the impracticality of forming in

this range.

The free form radius (Rf) for each gage of each material is

included in the design tables. This variable is not considered in

the formability limits; however, it should be considered when selecting

a forming process. In many cases the following design tables will

include formable parts where (Rf) is much larger than the actual

bead radius.

Design limits listed in the design tables that appear above

and to the right of the heavy line are limits due to insufficient

pressure, whereas those that appear below and to the left of the

line are limits due to splitting.
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The design limits for rubber bead forming are constructed such

that the minimum possible distance between bead centers can be

determined for any practical bead radius and material thickness.

The design limits listed in the following tables are based on

an operating rubber pressure of 300C psi. Due to the nature of the

process an increase in pressure will result in lower splitting limits

but a better bead definition can be expected.
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BEADING ON THE DROP HAMMER

Description of the Process

Drop hammer forming is the process or operation of forming metal into

a desired shape by repeated blows of a drop hammer ram.

All drop hanmmer forming in this program was of the typical nature and

was conducted on a piston driven Cecostamp drop hammer. This particular drop

hammer has a die bed area of 46" x 36" and operates at 120 lbs./in. 2 of

air pressure. An illustration of this hammer is shown below.

;-IGURE VI B-I DROP HAMMER SET-UP.

All testing and evaluation of the drop hammer process was performed

on metal beaded panels. Special Kirksite beaded panel dies were fabricated

into various bead configurations for this investigation. An illustration

of a typical set of Kirksite beaded panel dies is shown in Figure VI B-2.
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FIGURE VI B-2 TYPICAL KIRKSITE BEADED PANEL DIES.

To insure testing continuity of all forming operations, all operations

were performed as close as possible to a standard operating procedure. This

procedure is described as follows.

The forming process was accomplished in several stages. First, starting

the process with thick heavy rubber mats laid over the metal part to be

formed. (See Figure VI B-3). Then, reducing the thickness of the rubber mats

at each stage until the final stage, which is accomplished with metal to

metal contact of the die and part.
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EXTRA RUBBER STRIPS TO
INSURE COMPLETE TRAPPING
OF MATERIAL.

THICK RUBBER PAD

METAL PART

TRAPPING BEAD TRAPPING BEAD

FIGURE Vi B-3 CROSS SECTION OF A DROP HAMMER DIE.

All beaded panels were formed with complete "trapping". It can be

seen from the illustration in FigureVI B-2,that the drop hammer die has a

continuous bead which completely surrounds the bead forming area. This

continuous bead is known as a "trapping" bead. That is, the bead completely

traps the metal part around the outside perimeter of the forming area. This

is done so that only the metal inside the trapped perimeter is allowed to

draw or stretch over the beads inside. This type of trapping is selected

for evaluation in this process because of the maximum strain the metal part

must undergo to be formed into shape.

This full or complete trapping procedure is accomplished by placing

extra strips of hard rubber over the top of the trapped bead. (See Figure VI B-31

Thus on the first blow from the hammer ram, complete trapping occurs. These

extra strips of rubber are used continuously to insure proper trapping during

the entire forming process.
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Drop hammer forming is very much an "operator technique" forming

operation. That is, the operator usually has his own method of technique

to use in forming a part. That is why, in this investigation, the forming

procedures were held as constant as possible so as to minimize the operator

technique factor.

Results obtained in this program establish that formability of the

drop hammer bead forming process can definitely be predicted from the

geometrical parameters of the dies and the material properties of a

selected material.

Definition of Part Shape

and Geometrical Variables

Formability of drop haimmer beaded panels is governed by the following

geometrical parameters: Bead radius of the die (R), the length of space

between the center line of the bead7 (L), the gage of the material (t),

R/L and R!t. (r) is a selected radius of the female punch. This (r) radius

was selected at 1/2" in order to allow protection from failure due to the

minimum bend radius of a selected material. These parameters are shown in

the following sketch:

L

PUNCH
1 TYPCAL [RUBBER

L MATERIAL

BEAD• R BEAD

FIGURE VI B-4 GEOMETRICAL PARAMETERS.
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Two standard bead radii were selected for evaluation purposes.

These radii were 1/2" and 1" respectfully.

The die radius was held constant while varying only the (L) length

between the centerline of the beads. This yielded various combinations

of R/L and R/t for evaluation purposes.

There is an upper forming limit for R/L governed by the physical

spacing of the beads. That is, the beads are so close together that

it is physically impossible to form a part as the bead spacing approaches

R/L . -35. This is readily seen from the following sketch:

FIGURE VI B-5 RELATIONSHIP OF BEAD SPACING.

As (R) increases WL) has to increase also. Since (r) is a standard

1/2", the female punch has to be a minimum of I". Thus, as R/L approaches

.35 the bead spacing (L) will close and not allow proper clearance for the

female punch and the material thickness.
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There is also a lower limit based upon the minimum radius and maximum

(L) which is effective as far as the stiffness of the beaded panel is

concerned. In other words at an (R) of 0.5 and an (L) of approximately

8 inchesthe structural efficiency of the panel is lowered considerably.

Therefore, in general, beaded panels below R/L = .060 would result in

lowering of the structural efficiency of the panel.

Minimum bend failures occurred in the drop hammer process for

HM21XA-T8 Magnesium Thorium, (6AI-4V) Titanium, and (13V-11Cr-3AI)

Titanium.

Minimum bend radii of these materials are 5t, 6t, and 3t respectively.

It can be seen from the following sketch of a bead, there is a very sharp

radius that will not allow these three problem materials to form properly.

SAPRADIUS 0.0901"

FIGURE VI B-6 BEAD.
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On the initial blow from the drop hammer ram, the material is forced

down around this sharp radius and exceeds the minimum bend radius of the

material. Thus, splitting occurs at the radius and propagates across the

bead. Due to this standard bead radius of .090" it is impossible to form

these materials at room temperature.

Predictability Equations

The equation for the splitting limit of any material based on its

mechanical properties is:

[(e .45oc j(CjO] Equation I

The equation for the index line is:

R".0165 R or, A60.. Equation II

The index line has a slope of + 1 and intersects at a point R/t = 2,

R/L =.033.

For the convenience of reference to the above mentioned equations, a

typical theoretical formability curve for drop hammer is shown in Figure VI B-7.
LOG INDEX LINE

.35 UPPER FORMING LIMIT_

EQUATION 1I

""/1 1< EQUATION 1

.060 - /. . . . ..
LOWER FORMING LIMIT

.033

2 R/t LOG

FIGURE VI B-7 TYPICAL DROP HAMMER FORMABILITY CURVE.
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The key to using the various equations is to know the following

material property.

E.50(CORR.) = Where,

E..50(CORR-)a In- [ .50- LI50 - I

F.5 0 (CORR.) is found from a standard 1/2" wide tensile specimen.

With the aid of the sketch in Figure VI B-8. .t can be seen where the

various measurements were taken by a Cathetometer.

GRID BEFORE PULl.

.' .5 GRID AFTER PULL

0~~~~ ~ oj-,w[:..:

- 0.5+ AL

FIGURE VI B-8 1/2" WIDE TENSILE SPECIMEN.

lEd- . EL].5=A Q 1 Inl +(I .)5
[LS 0.5 +F 5

Ew .5" 0*.5 [.,,.• 5 '"[+(,Ew).5]

Thus, the value of the various measurements can be substituted into

the original equation to solve for the E.50(CORR.) corrected value.
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Thus if E.50(CORR.) is known, the drop hammer formability of any

material can be determined.

To demonstrate how to use the drop hammer predictability equations, the

following example problem is given:

PROBLEM: Find the splitting limits for drop hammer forming

2024-0 aluminum.

GIVEN: E.5 0 (CORR.) = .200

R (radius of bead on die) 12"

t (gage of material) z 0.020 R/t = 25

SOLUTION:.Step I. Select the R/t value from the die bead radius (R)

and the gage of material (t). Substitute in the R/t = 25

value into Equation II and solve for R/L intercept.

R/L = 60.6 ( .50(CORR.) )2 (R/t)- 1  ..097

Now, locate R/L = .097 value on R/L scale and go over to the inter-

section of the .$/t - 25 line. This gives a point at R/L . .097 and

R/t 25. Through this point draw a -1 slope. See Figure VI B-9.

LOG

UPPER FORMING LIMIT

.35.

R
,097---------

--C'

.060 . . . . .'- - -- "
LOWER FORMING LIMIT

2 25
R LOG
t

FIGURE VI B-9 GRAPH CONSTRUCTION.
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Thus, the splitting limit line is established for 2024 -0 aluminum.

An alternate method that can be used is as follows:

Step I. Use the relationship £ 5 0 (CORR.) - 14L

Thus, € 5 0 WCORR.) and R/L = .200

Step II. The index line is a + 1 slope and intersects at

a point R/t = 2, R/L = .033. Simply locate

R/L .200 on the R/L axis, then go over to

the intersection of this R/L value on the index

line. (See Figure VI B-10). Now draw a -1 slope

through this intersection point and the splitting

limit is established.

LOG

UPPER FORMING LIMIT
.35 - /, _ ,_

Rl. .200 . . ._..-,DEX
I LINE

R 060 ----- ------ --

.060 - 4 ---
LOWER FORMING LIMIT

.033 /

2 R LOG

FIGURE Vi B-10 GRAPH CONSTRUCTION.

ASD TR 61-191(11) VI-36



These two methods yield the splitting limit line for 2024-0 aluminum.

Any part formed to the right of the splitting limit line will fail due to

splitting and any part formed to the left of the splitting limit line

will yield a good part.

The following typical formability curve for drop hammer forming of

beaded panels is shown in Figure VI B-11.

LOG

/ INDEX LINE

.3. UPPER FORMING LIMIT
"• SPLi!T .PARTSii•

GOOD PARTS ":

.060 -L
LOWER FORMING LIMIT

.033

2 R LOG

FIGURE VI B-I1 TYPICAL FORMABILITY ENVELOPE.

Composite Graphs

A composite graph showing the drop harmier formability of 12 different

materials used in this program is shown in Graph VI B-I. '-2I materials are

shown at room temperature.
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Formability evaluations for HM21XA-T8, (6Al-4V) Titanium and

(13V-llCr-3A1) Titanium were also evaluated in the drop hammer process.

However, due to the minimum bend radius failure for these materials,

results are not recorded in the composite graphs.

It should be understood that the material property E. 5 0 (CORR.) used

in predicting drop hammer formability curves, will have a maximum, average

and minimum value depending upon the material propertieb of the material

in which the tensile specimens were taken. This variation in C.5 0 (CORR.)

will affect the splitting limit of a selected material. This is illustrated

in the following sketch.

LOG

UPPER FORMING LIMIT.35 -- -

E.50(CORR.) MAX.

E. 5 0 (CORR.) AVG.

R E 5 0 (CORR.) MIN.

.060 LOWER FORMING LIMIT

R LOG

FIGURE VI B-12 VARIATION OF MATERIAL PROPERTIES.
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It can be seen that the composite Graph VIB-I was constructed on a

logarithmic basis. However, for the convenience of finding the radius

of the bead (R) and the distance between the beads (L) for a certain

material thickness (t), an alternate method is advised.

This is done by taking a certain material ( 20 24-0 aluminum) from

the logarithmic composite graph (GraphVIB-1) and re-plotting the informa-

tion on a Cartesian coordinate graph. (See GraphVI B-2) Thus, .

values of R, L and t can be read directly from this type of graph

(Graph VI B-2).

Formaoility evaiuations for Molybdenum (.5% Ti), Tungsten (pure),

Columbium (10 Mo - 10 Ti), and Beryllium (pure) were also performed in

this program. However, these materials are not recorded in the composite

graph and design tables due to the bending failure of these materials

on the sharp end radius of the standard bead. (See discussion under

geometrical variables).

Elevated temperature results are also not recorded, due to being

unable to read the grids on the elevated temperature tensile specimens.
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GRAPH VI B-1
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Design Tables

The design tables are established to provide recommended geometrical

parameters for forming beaded panels by the drop hammer process. These

tables are arranged to provide recommended values of (L) the distance

between the center line of the beads for a certain (R) bead radius

and (t) gage of material. (See Figure VI B-4).

The design tables are based on using a minimum female punch of I".

Since 0.020", 0.040" and 0.063" gage material was used for evaluation

purposes on all dies, a 1/2" standard punch radius was necessary to insure

protection against minimum bend failure. It can be readily seen from the

following illustration that when using the 1/2" punch radius, the web or

width of the punch must be a 1" minimum.

PUNCH

1" 1 RUBBER

FIGURE VI B-13 SCHEMATIC OF A PUNCH AND BEAD.

The design tables will have vacant sections due to the bead spacing

(L) being too close to allow this 1" punch radius to properly clear the

material and the beads.

ASD TR 61-191(11) VI-42



The design tables are used in the following manner: For a given (t)

gage of material and a given (R) radius of bead, there is a corresponding

selected (L) length between the center line of the beads. Thus, by having

a given (t) and a given (R) the recommended (L) can be read from the tables.

Or, by having a given (L) and a given (t) the recommended (B) can be read

from the tables. These tables are recorded in the following section.
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